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ABSTRACT
The enzyme arogenate dehydratase (ADT) operates in phenylalanine biosynthesis. To
determine the substrate specificity and subcellular localization of all six Arabidopsis
ADTs, pha2 yeast complementation assays and confocal microscopy analyses were
performed. The pha2 yeast complementation assay was used to determine the ADTs that
can accept prephenate as a substrate in vivo. Results show that ADT1, ADT2 and ADT4
were able to complement the pha2 phenotype, but PDT function is temperature
dependent. Results from confocal microscopy analyses show that ADT-CFP fusion
proteins including transit peptide sequences are targeted to chloroplasts (ADT1-ADT5),
the nucleus (ADT5) or remain cytosolic (ADT6). Immunoblot analyses show that all
ADT transit peptides are cleaved in planta. Together these results show differences in the
substrate specificity and subcellular localization of Arabidopsis ADT isoforms.

Keywords: Arabidopsis thaliana, phenylalanine biosynthesis, arogenate dehydratase,
prephenate dehydratase, pha2 complementation assay, confocal microscopy, subcellular
localization, transit peptide, stromules
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1

INTRODUCTION

1.1

The importance of phenylalanine
Aromatic amino acids, tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe), are

only synthesized de novo by bacteria, fungi and plants (Tzin and Galili, 2010; Schmid
and Amrhein, 1994). In bacteria, aromatic amino acids are almost exclusively used for
protein synthesis, but aromatic amino acids in plants also serve as the precursor to many
aromatic secondary metabolites, including the plant hormone indole-3-acetic acid (1AA),
also known as auxin, and phenylpropanoids (Vogt, 2010; Knaggs, 2003; Herrmann and
Weaver, 1999). Phenylpropanoids, derived from the aromatic amino acid Phe, have a
diverse set of functions, including structural support, pigmentation and scent formation
(Vogt, 2010). Lignin and suberin provide structural support and stability to plants
towards mechanical or environmental damage, such as wounding or drought.
Anthocyanins and flavonoids are plants pigments responsible for blue and yellow
coloration, respectively. Phenylpropenes are volatiles emitted as pollinator floral
attractants or as antimicrobial compounds. Some examples of phenylpropenes include
eugenol, which has a spicy, clove-like aroma, and anethole, a contributor to the
distinctive flavor of anise, fennel and liquorice. These examples demonstrate the
importance of Phe biosynthesis in plants, but Phe is also an essential component of the
diets of all animals, including humans, which cannot synthesize Phe themselves.
Approximately 13,000 tons of Phe is synthesized annually valued at $198 million USD
(Demain, 2000). Therefore, improving our understanding of the Phe biosynthetic
pathway will ultimately benefit human and animal nutrition by reducing synthesis costs
and the engineering of hardier food crops.

1.2

Phenylalanine biosynthesis
Phe biosynthesis begins with the conversion of chorismate, the end product of the

shikimate pathway, to prephenate (Fig. 1; Tzin and Galili, 2010; Herrmann and Weaver,
1999; Schmid and Amrhein,

1994). Microorganisms, including Saccharomyces

cerevisiae, predominantly synthesize Phe by decarboxlating and dehydrating prephenate
to

phenylpyruvate

using

a

prephenate

dehydratase

(PDT,

EC4.2.1.51)

then

phenyl pyruvate undergoes transamination to Phe (Kleeb et al., 2006; Maftahi et al.,

Figure 1. Phenylalanine biosynthesis in plants.
Phenylalanine biosynthesis begins when the end-product of the Shikimate pathway is
converted to prephenate. Prephenate can be decarboxylated and dehydrated to
phenylpyruvate by a PDT then transaminated by PPAT to phenylalanine. Or prephenate
can be transaminated by PAT to arogenate then decarboxylated and dehydrated to
phenylalanine by an ADT.
PDT: prephenate dehydratase; PPAT: phenylpyruvate aminotransferase; PAT: prephenate
aminotransferase; ADT: arogenate dehydratase.

m

Phenylpyruvate

PDT

Shikimate
Pathway

Phenylalanine

PAT

Arogenate
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1995). Also, some bacteria contain a dual-function P-protein with a chorismate mutase
domain, catalyzing the conversion of chorismate to prephenate, fused to a PDT domain
(Dopheide et al., 1972) instead of a single PDT. However, some microorganisms are able
to synthesize Phe via arogenate (Byng et al., 1981) or can utilize both prephenate and
arogenate using a cyclohexadienyl dehydratase (CDT; Zhao et al. 1992). To synthesize
Phe via arogenate, prephenate is first transaminated to arogenate then decarboxylated and
dehydrated to Phe by an arogenate dehydratase (ADT, EC4.2.1.911; Byng et al., 2007).
It was first suggested that plants synthesize Phe via arogenate only. Jung et al. (1986)
detected ADT activity in Nicotiana sylvestris cell cultures and spinach chloroplasts, but
no PDT activity. However, recent data has revealed that plants synthesize Phe via
prephenate or arogenate (Fig. 1; Maeda et al., 2011; Maeda et al., 2010; Yamada et al.,
2008; Cho et al., 2007; Warpeha et al., 2006).

1.3

Sequence comparison of bacterial and plant PDTs and ADTs
As most microorganisms synthesize Phe via prephenate using a PDT, in silico screens

were performed to identify putative PDT-domain encoding genes in Arabidopsis thaliana
(Cho et al., 2007; Ehlting et al., 2005). Six PDT-like sequences encoded in the
Arabidopsis genome were initially designated as ADTs without any functional
characterization of the encoded proteins, but based upon the fact that only ADT activity
had

been detected

in the chloroplasts of higher plants (A D Tl: A tlg ll7 9 0 ,

ADT2: At3g07630, ADT3: At2g27820, ADT4: At3g44720, ADTS: At5g22630 and
ADT6: Atlg08250) (Ehlting et al., 2005; Jung et al., 1986). Although there is a high
degree o f sequence similarity between PDT and ADT sequences, phylogenetic analysis
suggested that plant, bacterial and fungal sequences are evolutionarily distinct. Fungi,
Gram positive bacteria, Gram negative bacteria and plant PDT/ADT sequences each
cluster into separate phylogenetic groups (Cho et al., 2007). Furthermore, all plant ADT
sequences can be divided into three distinct subgroups. For example, Arabidopsis ADTl
is a member of subgroup I, ADT2 is a member of subgroup II and ADT3, ADT4, ADT5
and ADT6 all belong to subgroup III. Amino acid sequence similarity within subgroups
(81-98%) is also greater than between subgroups (61-72%). There are also characteristics
at the genomic level that are similar within subgroups. For example, members of
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subgroup I and II have introns, while members o f subgroup III are intronless. This is one
indication that differences exist between ADT isoforms.

1.4

Substrate specificity of Arabidopsis ADTs in vitro
As it was not clear whether the six Arabidopsis genes encoded PDTs or ADTs, the

entire open reading frame of each gene was cloned, expressed in E. coli and purified for
biochemical analysis (Cho et al., 2007). All genes encoded enzymes that were able to
accept arogenate as a substrate and were designated using the nomenclature of Ehtling et
al. (2005). Surprisingly, only three enzymes, ADT1, ADT2 and ADT6, were also able to
accept prephenate as a substrate. The catalytic efficiencies (kcJ K m) of ADT1, ADT2 and
ADT6 to accept arogenate as a substrate are approximately 28-, 32- and 98-fold higher,
respectively, than that for prephenate (Cho et al., 2007). Similar results were found for
Petunia hybrida ADTs in vitro. Two of three Petunia ADTs were able to accept
prephenate as a substrate with the catalytic efficiencies approximately 100- and 200-fold
lower than the corresponding values for arogenate (Maeda et al., 2010). Therefore, based
upon the exclusive or preferred substrate specificity of ADTs for arogenate, plants
predominantly synthesize Phe via arogenate.

1.5

Domain structure of Arabidopsis ADTs
All Arabidopsis ADTs have three domains (Fig. 2). The domain structure of all six

Arabidopsis ADTs is based on sequence comparison to bacterial PDTs (Cho et al., 2007).
There is a high degree of sequence similarity between the catalytic and ACT regulatory
domains of plant ADTs and bacterial PDTs. The catalytic domain is responsible for
dehydrating and decarboxylating prephenate and/or arogenate. The ACT domain was
named for three of the proteins in the domain family, aspartokinase, chorismate mutase,
and TyrA or prephenate dehydrogenase, and is typically involved in allosteric regulation
induced by ligand binding (Liberies et al., 2005; Aravind and Koonin, 1999). Therefore,
the ACT domain of ADTs is likely to bind Phe to negative regulate enzymatic function.
ADTs also contain a third, N-terminal domain. This domain was defined based on the
approximately 100-130 amino acids that do not align with bacterial PDTs and was
designated as a transit peptide thought to target ADTs to chloroplasts (Cho et al., 2007).

Figure 2. Domain structure of plant ADTs.
(A) Plant ADTs have three domains: an N-terminal transit peptide, an internal catalytic
domain and a C-terminal ACT regulatory domain. It is currently unknown whether the
I-region belongs to the transit peptide or catalytic domain. (B) Sequence alignment of
Arabidopsis ADTs using DNAMAN (Lynnon BioSoft, Version 6). Sequences are shaded
based on similarity. Black: amino acids are identical or have similar properties for 100%
of ADT sequences; grey: amino acids are identical or have similar properties for 75% of
ADT sequences.
Domains are shaded in colour. Transit peptide: purple; I-region (I): yellow; catalytic
domain: light blue; ACT regulatory domain: dark blue.
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Between Arabidopsis ADTs, the catalytic and ACT regulatory domains are highly
conserved and share 62.0 to 97.8% and 61.5 to 91.7% sequence similarity, respectively
(Crawley, 2004). Transit peptide sequence similarity between ADTs is much lower and
ranges from 7.1 to 62.0% (Crawley, 2004). However, there is a small region immediately
upstream of the catalytic domain that shows greater sequence similarity within 17 amino
acids relative to the entire transit peptide sequence of ADTs (Fig. 2). This region has
been named the intermediate region (I-region). Given that the catalytic and ACT
regulatory domain sequences are more conserved than transit peptide sequences, it is
conceivable that the I-region, although absent in bacterial PDTs, may be part of the
catalytic domain of plant ADTs rather than the transit peptide. However, the importance
of this region, if any, has not been experimentally tested and remains unknown.

1.6

Transit peptides and targeting proteins to chloroplasts
Sequence analysis of Arabidopsis ADT N-terminal domains revealed-they are likely

to be chloroplast transit peptides, which is consistent with Phe synthesis in chloroplasts
(Cho et a i, 2007; Jung et al., 1986). Preliminary subcellular localization of Arabidopsis
ADTs showed that the N-terminal domain acts as a transit peptide directing ADTs to the
chloroplast (Rippert et a i, 2009; Kohalmi and Armstrong, unpublished). Transit peptides
are sequences required to target nuclear-encoded proteins to chloroplasts (Li and Chiu,
2010). Typically, transit peptides interact with both cytosolic proteins and chloroplast
membrane protein complexes to mediate targeting and entry into the chloroplast (Li and
Chiu, 2010). Most chloroplast-targeted proteins pass through the outer and inner
membrane pore complexes to enter the stroma where a stromal processing peptidase
(SPP) cleaves the transit peptide to generate an enzymatically active, or mature, protein
(Li and Chiu, 2010; Richter et a i, 2005). The use of protein-targeting prediction servers,
such as ChloroP, can be used to predict the presence of chloroplast transit peptide
sequences and the location of potential transit peptide cleavage sites (see Appendix A for
various server results). Using ChloroP, Arabidopsis ADT2, ADT3, ADT4, ADT5 and
ADT6 and all three Petunia ADTs are predicted to have N-terminal plastid transit
peptide, which is consistent with the fact that most, if not all, ADT activity is detected in
chloroplasts of higher plants (Maeda et a i, 2010; Rippert et al., 2009; Jung et al., 1986).
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Maeda et al. (2010) designed Petunia ADT constructs lacking the N-terminal transit
peptide and found that they are functionally active in vitro. However, the function of
Petunia ADTs including the transit peptide was not tested and, consequently, the
necessity of transit peptide cleavage to release a mature or functional active enzyme was
not determined. It has been shown that Arabidopsis ADTs including the transit peptide
are functional in vitro (Cho et a i, 2007). Therefore, it appears that cleavage of ADT
transit peptides is not necessary for protein function, at least in vitro, but the requirement
of transit peptide cleavage in planta is unknown.
In addition to the stroma, nuclear-encoded chloroplast-targeted proteins can be
targeted to other chloroplast compartments (Fig. 3). For many of the chloroplast
compartments, multiple targeting pathways exist that utilize both cleavable and
non-cleavable signal peptides (Li and Chiu, 2010). Therefore, if ADTs are targeted to the
chloroplast, they may be targeted to the stroma or another chloroplast compartment,
including the envelope, thylakoid or intermembrane space, where the transit peptide may
or may not be cleaved.

1.6.1

Cleavable chloroplast-targeting signal

Not all chloroplast-targeted proteins with a cleavable transit peptide are localized
within the stroma. After translocation into the stroma, proteins may be further targeted to
the thylakoid lumen via the twin-arginine translocation (Tat) or secretory (Sec) pathway
(Di Cola et a l, 2005). Thylakoid lumen-targeted proteins contain a bipartite transit
peptide. The first part directs the protein into the stroma then the second Tat- or
Sec-pathway specific signal peptide directs the protein into the thylakoid lumen where it
is cleaved by a thylakoid processing peptidase (TPP) to release a mature protein. Proteins
are targeted to the thylakoid membrane via the signal recognition particle (SRP) pathway
or spontaneous insertion. Only thylakoid membrane proteins targeted by the SRP
pathway contain a cleavable signal peptide (Di Cola et a l, 2005).
The chloroplast envelope is composed of outer and inner membranes and only one
envelope-targeted protein, TRANSLOCON OUTER MEMBRANE COMPLEX 75
(TOC75), has a cleavable transit peptide (Li and Chiu, 2010). TOC75 has a bipartite
transit peptide (Tranel and Keegstra, 1996). The first part of the transit peptide directs the

Figure 3. Overview of the chloroplast structure.
Two lipid-bilayer membranes surround the chloroplast. Together the outer and inner
membranes comprise the envelope and between the two membranes is the intermembrane
space. The aqueous fluid inside the chloroplast is called the stroma. Chloroplasts are
capable of forming stroma-filled protrusions o f the outer and inner membrane, called
stromules. The stroma also contains thylakoids, which are the site of photosynthesis and
consist of a membrane surrounding lumen. Chloroplasts are often visualized using
chlorophyll autofluorescence. However, stromules cannot be observed by this method,
because thylakoids, the chlorophyll containing structure, do not enter these protrusions.

Thylakoid lumen
Thylakoid membrane
Stroma
Outer membrane
Envelope
Inner membrane

Intermembrane space

Stromules
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protein for import into the stroma, which it is cleaved by SPP. Then the second part of the
transit peptide prevents further translocation into the stroma and is cleaved by a plastid
type I signal peptidase located in the intermembrane space. However, it is not known why
TOC75 is the only envelope protein with a cleavable transit peptide.
Chloroplast-targeted proteins can localize to the intermembrane space between the
outer and inner membranes. However, targeting to the intermembrane space has been
studied

with

only

two

proteins,

MONOGALACTOSYLDIACYL

GLYCEROL

SYNTHASE (MGD1) and TRANSLOCON INNER MEMBRANE COMPLEX 22
(TIC22) (Vojta et al., 2007). Both proteins cross the outer membrane, but only MGD1
has a transit peptide that is processed by SPP. TIC22 does not have an cleavable transit
peptide and it likely to enter the intermembrane space in full length form (Vojta et al.,
2007).

1.6.2

Non-cleavable chloroplast targeting signals

Although the vast majority of stroma-targeted chloroplast proteins encode a cleavable
transit peptide, there is evidence for proteins that lack cleavable transit peptide sequences
(Armbruster et al., 2009). For example, proteins may not be directly imported into the
stroma, but is targeted via the endoplasmic reticulum (ER; Radhamony and Theg, 2006;
Villarejo et al., 2005). Arabidopsis CARBONIC ANHYDRASE 1 (CAH1) is localized in
chloroplast stroma, but does not have a chloroplast transit peptide. Instead, CAH1 has an
ER signal peptide. Therefore, CAH1 is first targeted to the ER where it is glycosylated
then passes through the Golgi apparatus and CAH1 is delivered to the chloroplast via a
Golgi-derived vesicle, which fuses with the outer envelope membrane. However, the
mechanism and proteins required to transport CAH1 from the intermembrane space into
the stroma are unknown.
Most chloroplast envelope membrane and some thylakoid membrane proteins lack a
cleavable transit peptide. All proteins of the outer and inner membrane, except TOC75,
are synthesized without a cleavable transit peptide (Li and Chiu, 2010). The insertion
signal for inner membrane proteins is located within the transmembrane domains as an
N-terminal hydrophobic region or serine/proline-rich domain (Li and Chiu, 2010; Tripp
et al., 2007; Knight and Gray, 1995). As well, some thylakoid membrane-targeted
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proteins do not contain a cleavable transit peptide, but are spontaneously inserted into the
membrane (Di Cola et al., 2005).

1.6.3

Stromules

Stromules are stroma-filled protrusions of the plastid envelope (outer and inner
membranes) (Fig. 3; Köhler and Hanson, 2000). Unlike the overall chloroplast structure,
stromules cannot be observed via chlorophyll autofluorescence because thylakoids do not
enter stromules (Hanson and Sattarzadeh, 2011). To visualize stromules, confocal
microscopy can be used by tagging outer or inner membrane proteins or a
plastid-targeting sequence with a fluorescent protein and overlaying the image with
chlorophyll autofluorescence (Hanson and Sattarzadeh, 2008; Nelson et al., 2007;
Natesan et al., 2005; Kwok and Hanson, 2004a). Outer or inner membrane fluorescent
fusion proteins will surround the chlorophyll autofluorescence signal and appear to be on
the outside of chloroplasts, while fluorescently-labeled plastid targeting sequences, such
as Rubisco, will appear to surround the chloroplast and overlay with chlorophyll
autofluorescence.
The mechanism for stromule formation is unknown, but their functions have been
thoroughly studied. Stromules increase the envelope surface area and interact with the
actin cytoskeleton to aid in movement, which allows them to move faster than the main
plastid body (Natesan et al., 2009). As well, spherical, vesicle-like bodies can separate
from stromules (Hanson and Sattarzadeh, 2011; Chiba et al., 2003; Pyke and Howells,
2002). Both instances may allow for efficient exchange of molecules and proteins
between plastids. Protein transport between plastids via stromules has been demonstrated
using fluorescently labeled proteins. GFP fluorescence in photobleached plastids is
recovered if the plastid is connected to a fluorescent plastid by a stromule (Köhler et al.,
1997) while fluorescence is completely lost from two different plastids if the connecting
stromule has undergone photobleaching (Hanson and Köhler, 2001). Furthermore,
stromule frequency increases as plastid density decreases, which may be another
indication that stromules improve plastid-to-plastid communication or content exchange
(Köhler and Hanson, 2000).
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Also, plastids and stromules have been observed in close proximity to other
organelles, including mitochondria, peroxisomes, nuclei and ER (Schattat et al., 2011;
Hanson and Sattarzadeh, 2011; Lutz and Engel, 2007; Nelson et al., 2007; Chiba et al.,
2003; Kohler and Hanson, 2000). However, whether stromules fuse with other organelles
is unknown. Interestingly, the close association of plastid and stromules with the ER may
be further evidence for the import of chloroplast proteins via the secretory pathway
(Radhamony and Theg, 2006; Villarejo et al., 2005). Plastids have also been shown to
cluster around the nucleus with stromules extending through nuclear grooves and
channels (Hanson and Sattarzadeh, 2011; Nott et al., 2006; Kwok and Hanson, 2004b).
This phenomenon may facilitate signal transduction between plastids and the nucleus
(Inaba, 2010). For example, nuclear-encoded chloroplast-targeted proteins or metabolites
may be able to return to the nucleus via stromules to modify gene expression in response
to internal or external cues.
1.7

Subcellular localization of Arabidopsis ADTs
Rippert et al. (2009) designed fluorescently-tagged ADT constructs for expression in

Arabidopsis cell culture. Analysis of the subcellular localization revealed that the
ADT-GFP signal co-localized with chlorophyll autofluorescence to show all ADTs were
located in the stroma. However, the stroma localization pattern is inconsistent with
preliminary data for ADTs transiently expressed in intact plants (Kohalmi and
Armstrong, unpublished). ADT1 was targeted to chloroplasts, but appeared to be on the
outside of chloroplasts. This pattern is consistent with stromule localization. It has been
shown that the subcellular localization of proteins can differ between cell culture and
intact plants due to loss of tissue- and cell-specific features (Faraco et al., 2011). Also,
stromule density is drastically reduced in cell types with high plastid densities, such as
mesophyll cells, a common source for plant cell cultures (Kohler and Hanson, 2000).
Therefore, studying ADT localization in intact plants versus cell culture is more likely to
reflect true in planta patterns.
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1.8

Thesis objectives
Due to the high degree o f sequence similarity between ADT and PDT sequences

between and within species, it is currently impossible to identify substrate specificity of
each Arabidopsis ADT isoform via sequence analysis alone. Substrate specificity has
been tested in vitro, but not in vivo (Cho et al., 2007). As biochemical analyses may not
reflect an in vivo system, 1 will employ yeast complementation assays to study the
function of all six ADTs. As yeast synthesize Phe using a single PDT (PHA2), the pha2
complementation system will allow me to test the ADTs that are able to use prephenate
as a substrate. I hypothesize that ADT1, ADT2 and ADT6 will display PDT function in
vivo and be able to complement the pha2 phenotype. I will also test three different
lengths of ADTs to mimic both the full-length protein and putative cleavage products to
determine if cleavage is necessary for function.
Currently, there is a discrepancy between the localization patterns of ADT1 in cell
culture versus intact plants (Rippert et al., 2009; Kohalmi and Armstrong, unpublished). 1
will study the subcellular localization o f Arabidopsis ADTs in intact plants. I hypothesize
that ADTs will be targeted to chloroplasts. To test my hypothesis, each ADT will be
expressed as a CFP-fusion protein in Nicotiana benthamiana. Where possible, ADTs will
be co-localized with a fluorescently-tagged organelle marker. 1 will also observe the
localization patterns for ADTs lacking a transit peptide and a transit peptide alone to
determine the role of transit peptides in ADT targeting.
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MATERIALS AND METHODS

2.1

Media, buffers and polyacrylamide gels

2.1.1

Media

All media was prepared in either liquid or solid form. For solid media, 15 g or 20 g of
agar was added to bacterial (LB or YEB) or yeast (SD) media, respectively.
Asrobacterium induction medium
Per 50 mL of YEB media: 500 pL 1 M 2-(Ar-morpholino)ethanesulfonic acid (MES),
25 pL 200 mM acetosyringone, supplemented with appropriate antibiotics (Marillonnet et
al., 2005).
Amino acid dropout powder
Per 100 mL: 4 g adenine sulphate, 2 g L-arginine HC1, 10 g L-aspartic acid,
10 g L-glutamic acid, 2 g L-histidine HC1, 3 g L-isoleucine, 6 g L-leucine, 3 g L-lysine
HC1, 2 g L-methionine, 5 g L-phenylalanine, 37.4 g L-serine, 20 g L-threonine,
4 g L-tryptophan, 3 g L-tyrosine, 2 g uracil, 14.9 g L-valine (Amberg et al., 2005).
Amino acids can be omitted for selection.
Antibiotics
Stock solutions of ampicillin (100 mg/mL), kanamycin (60 mg/mL) and gentamicin
(50 mg/mL) were prepared by dissolving each antibiotic in double-distilled water then
stocks were filter-sterilized (Sambrook and Russell, 2001). Stock solutions of rifampicin
(25 mg/mL) were prepared by dissolving the antibiotic in dimethyl sulfoxide (DMSO).
All stocks were aliquoted and stored at -20°C. Working concentrations for the antibiotics
are 100 pg/mL, 60 pg/mL, 15 pg/mL, and 10 pg/mL for ampicillin, kanamycin,
gentamicin and rifampicin, respectively.
Gamborg’s solution
Per 1 L: 3.2 g Gamborg’s B5 media with vitamins, 20 g sucrose, 10 mL 1 M MES,
1 mL 200 mM acetosyringone (Jones, 1995).
Lysogeny broth (LB) media
Per 1 L: 10 g tryptone, 5 g yeast extract, 10 g NaCl, 200 pi 5N NaOH (Bertani, 2004;
Sambrook and Russell, 2001).

17
Synthetic dextrose (SD) medium
Per 1 L: 20 g glucose, 6.7 g yeast nitrogen base with ammonium sulfate,
1.5 g dropout powder (Amberg et al., 2005). Glucose can be substituted for equal weights
of galactose or raffmose when required.
Yeast extract and broth (YEB) medium
Per 1 L: 5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g sucrose, 0.49 g MgS04
(Vervliet et al., 1975).

2.1.2

Buffers

Phosphate-buffered saline (PBSVTween-20
Per 1 L: 8 g NaCl, 0.2 g KCl, 1.44 g Na2HP04 and 0.24 g KH2P 0 4. Adjust pH to 7.4
with HC1. Add 0.5 mL Tween-20 (Sambrook and Russell, 2001).
Protein extraction buffer
Per 1 L: 800 mL PBS/Tween-20, 20 g Polyvinylpolypyrrolidone (PVPP), 2 mL
0.5 M ethylenediaminetetraacetic

acid

(EDTA;

pH

8.0),

lOmL

100

mM

phenylmethanesulfonylfluoride (PMSF), 1 mL 1 mg/mL leupeptin, 19.8 g sodium
L-ascorbate. Allow PVPP to hydrate for minimum 2 hours. Add PMSF and leupeptin
immediately before use. Bring up to 1 L with PBS/Tween-20 (Conely et al., 2009a).
5X Sodium dodecyl sulfate (SDS) protein sample buffer
Per 10 mL: 1.2 mL 0.5 M Tris-HCl (pH 6.8), 2.5 mL glycerol, 2 mL 10% SDS,
0.25 mL ß-mercaptoethanol, 0.5 mL 2% bromophenol blue. Bring up to 10 mL with
double-distilled water (Sambrook and Russell, 2001).
IX Towbin buffer
Per 1 L: 3.03 g Tris base, 14.415 g glycine, 200 mL methanol. Bring up to 1 L with
double-distilled water (Towbin et al., 1979).
IPX Tris-borate-EDTA (TBE) buffer
Per 1 L: 108 g Tris base, 55 g boric acid, 9.3 g EDTA. Bring up to 1 L with doubledistilled water (Sambrook and Russell, 2001).
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Yeast breaking buffer
Per 1 mL: 0.5 mL of 0.1 M sodium phosphate (pH 7.4), 2 pL 0.5 M EDTA (pH 8.0),
0.25 mL 20% glycerol, 10 pL 100 mM PMSF. Bring up to 1 mL with double-distilled
water (pYES2/NT vector manual, Invitrogen Cat. No. V8252-20).

2.1.3

Polyacrylamide gels

Separating gels composed of 8% and 12% acrylamide were used to resolve
N. benthamiana proteins, while 10% separating gels were used to resolve yeast proteins
(Sambrook and Russell, 2001).
Separating gel
Per 20 mL of 8%: 9.3 mL water, 5.3 mL 30% acrylamide mix, 5 mL 1.5 M Tris
(pH 8.8), 0.2 mL 10% SDS, 0.2 mL 10% APS, 12 pL tetramethylethylenediamine
(TEMED).
Per 20 mL of 10%: 7.9 mL water, 6.7 mL 30% acrylamide mix, 5 mL 1.5 M Tris
(pH 8.8), 0.2 mL 10% SDS, 0.2 mL 10% APS, 8 pL TEMED.
For 20 mL of 12%: 6.6 mL water, 8 mL 30% acrylamide mix, 5 mL 1.5 M Tris
(pH 8.8), 0.2 mL 10% SDS, 0.2 mL 10% APS, 8 pL TEMED.
5% Stacking gel
Per 10 mL: 6.8 mL water, 1.7 mL 30% acrylamide mix, 1.25 mL 1.0 M Tris (pH 6.8),
O. 1 mL 10% SDS, 0.1 mL 10% APS, 10 pL TEMED (Sambrook and Russell, 2001).

2.2

Strains, plants and plasmids

2.2.1

Bacterial strains

E. coli DH5a and DHlOp strains (Invitrogen Cat. Nos. 11319019 and 18290015,
respectively) were used for the maintenance and amplification of plasmid DNA.
A. tumefaciens strain LBA4404 was used for the transformation of N. benthamiana. Both
E. coli and A. tumefaciens were shaken at 225 RPM when grown in liquid media. All
bacterial cultures were grown in media supplemented with appropriate antibiotics. E. coli
were grown at 37°C in LB media, while A. tumefaciens were grown at 28°C in YEB
media.
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2.2.2

Yeast strains

A haploid PDT knockout S. cerevisiae strain (pha2: Mata, his3Al, leu2A0, lys2A0,
ura3A0, YNL316c::kanMX; Saccharomyces Genome Database, Cat. No. YSC1021549308) was used for complementation assays. Yeast were grown at 30°C, unless stated
otherwise, in liquid SD media (200 RPM) or on solid SD media, supplemented with the
appropriate amino acids.

2.2.3

Plants

Three- to five-week old N. benthamiana plants were used in localization studies of
Arabidopsis ADTs. Plants were grown in incubators (Conviron) under 18 h light
(80-100 pmol photons/m2/s)/16 h dark with day and night temperatures set to 24°C and
22°C, respectively. N. benthamiana seeds and additional plants, when required, were
provided by the Menassa Lab (Agriculture Canada, London, Ontario).

2.2.4

Plasmids

2.2.4.1. Yeas HE. coli shuttle vector
The pYES2/NT A vector (Invitrogen Cat. No. V8252-20) allows for propagation in
E. coli and expression in yeast. Expression in yeast is under the control of GAL1
promoter. Consequently, expression is repressed in the presence of glucose, induced in
the presence of galactose and neither repressed nor induced in the presence of raffinose
(West et al., 1984). Proteins expressed under this system have an N-terminal
polyhistidine (6xHis) tag, which adds approximately 3.4 kDa to the size of the protein
and allows for immunodetection of recombinant proteins (Invitrogen). Consequently, the
native start codon of ADT coding sequences to be cloned into pYES2/NT was modified to
avoid multiple transcriptional starts sites.

2.2.4.2. Binary vector system
The pEZT-NL vector (Carnegie Cell Imaging Project, http://deepgreen.stanford.edu)
is a T-DNA binary vector used in conjunction with a Ti-helper plasmid for expression
inplanta. Expression in planta is under the control of the cauliflower mosaic virus
(CaMV) 35S promoter and proteins expressed under this system are C-terminally tagged
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with enhanced green fluorescent protein (EGFP). For use in co-localization studies,
pEZT-NL was modified by removing the EGFP coding sequence and replacing it with
the cerulean cyan fluorescent protein (CFP) coding sequence. The resulting vector was
renamed to pCB. pCB-v4Z)7s were transformed into A. tumefaciens LBA4404 containing
Ti helper plasmid pAL4404 (Hellens et al., 2000; Hoekema et al., 1983).

2.2.4.3. Plasmids expressing organelle markers
Organelle markers are fluorescent proteins fused to organelle targeting signals.
PEROXISOMAL TARGETING SIGNAL 1 (PTS1) is a serine-lysine-leucine tripeptide
that targets proteins to the peroxisome matrix (Mullen et al., 1997) and labels
peroxisomes when expressed as an YFP-PTS1 fusion protein (Mathur et al., 2002). The
peroxisome marker was provided by Jaideep Mathur (University of Guelph) as a
pCAMBIA1300 vector containing YFP-PTSl (Mathur et al., 2002). The pCAMBIA1300
vector allows for kanamycin selection in bacteria and drives YFP-PTSl expression from
the CaMV 35S promoter (Mathur et al., 2002). pCAMBIA 1300-YFP-PTSl was
transformed into A. tumefaciens LBA4404 for use in co-localization assays.

2.3

Cloning procedures

2.3.1

Primer design

Primers were designed to amplify various lengths of Arabidopsis ADTs to be cloned
into either the pYES2/NT or pCB vector (Table 1). Full, intermediate and short length
ADTs and coding sequences for transit peptides only were cloned (Fig. 4). Full-length (F)
sequences contain the entire open reading frame, including the transit peptide, ADT/PDT
catalytic and ACT regulatory domain. Intermediate length (I) sequences include the
highly conserved I-region within the transit peptide, as well as the catalytic and
regulatory domains. Short length (S) sequences contain the coding sequence for the
catalytic and regulatory domains. The coding sequence for the transit peptide was cloned
to

lack (TP1)

or include (TP2) the

I-region. All primers were tested for

self-complementarity, primer pair complementarity, balanced GC content and similar
melting temperature for primer pairs using DNAMAN (Lynnon BioSofit, Version 6).

Table 1. List of primer sequences.
Name"

Sequence (5’ to 3’)b

RE Recognition
Sequence

Direction

Annealing
Temperature (°C)

Comp-ADT5-F

A TCGGTACCJC AAACC ATTTCGCCTG

Kpnl

Forward

70

Comp-ADT5-I

CGTGGT ACC ACCGTTAACGATAAC AG

Kpnl

Forward

66

Comp-ADT5-S

TTAGGT ACC ACGTGTCGCGTATCAAGG

Kpnl

Forward

69

Comp-ADT5R

CA FCTCGAGTC ATACGTCTTCGCTAGG

Xhol

Reverse

67

Comp-ADT6-F

GCGGTACCJAAAGCTCTATCATCTTC

Kpnl

Forward

62

Comp-ADT6-I

7TGGTACCTCCCCTTAGCATGACG

Kpnl

Forward

67

Comp-ADT6-S

A 7TGGTACC1CGCGTCGCTTATC AAG

Kpnl

Forward

69

Comp-ADT6R

GTCC TCGAGTTACGATGAAGTTGATG

Xhol

Reverse

64

GAL1

AATATACCTCTATACTTTAACGTC

N/A

Forward

48

CYC1

GCGTGAAT GTAAGCGTGAC

N/A

Reverse

54

CFP-For

A rCGGACCGQTÇGÇCACÇATGGTGAGC AAGG

Cpol

Forward

84

CFP-Rev

FOITCTAGATTACTTGTACAGCTCGTCC

Xbal

Reverse

62

CFP-Seq

ÇATÇTÇAGCTACACATÇC

N/A

Reverse

49

Table 1 (continued). List of primer sequences.
Name*

Sequence (5’ to 3’)b

RE Recognition
Sequence

Direction

Annealing
Temperature (°C)

Comp-ADTl-F1

GGTACCAGCTCTGAGGTGTTTTCC

Kpnl

Forward

N/A

Comp-ADTl-I2

GGT ACC ACCGCTAACTGCAA ACAG

Kpnl

Forward

N/A

Comp-ADTl-S1

GGTACCGCGAATTTCGTTTCAGG

Kpnl

Forward

N/A

Comp-ADTIR2

CTCGAGTTATCTGACTAGATCCATTGG

Xhol

Reverse

N/A

Comp-ADT2-F2

GGTACCTGCAATGCACACTGTTC

Kpnl

Forward

N/A

Comp-ADT2-I2

GGTACCGCCGTTATCATCGAACCAG

Kpnl

Forward

N/A

Comp-ADT2-S2

GGTACCTCGTGTTGCGTATCAGG

Kpnl

Forward

N/A

Comp-ADT2R2

TCT AG ATTAGAGC ATTGTAGTGTCCAC

Xbal

Reverse

N/A

Comp-ADT3-F'

GGTACCTAGAACTCTCTTACCTTCCCC

Kpnl

Forward

N/A

Comp-ADT3-I2

GGTACCÎCCTTTAAGTATTTCAGATC

Kpnl

Forward

N/A

Comp-ADT3-S'

GGTACCÇCGTGTAGCTTATCAAGG

Kpnl

Forward

N/A

Comp-ADT3R2

CTCGAGTCACAATGAAAATGTTG

Xhol

Reverse

N/A

Table 1 (continued). List of primer sequences.
Name®

Sequence (5’ to 3’)b

RE Recognition
Sequence

Direction

Annealing
Temperature (°C)

Comp-ADT4-F2

GGT ACCTCAAGCCGCAACG

Kpnl

Forward

N/A

Comp-ADT4-I2

GGTACCACGTGTAGCTTACCAAGG

Kpnl

Forward

N/A

Comp-ADT4-S2

GGT ACCGCCGTTGACTATTACTG

Kpnl

Forward

N/A

Comp-ADT4R2

CTCGAGTCATGCTTCTTCTGTGG

Xhol

Reverse

N/A

GFP-ADT1-F3

AAGCTTATGGCTCTGAGGTGTTTTC

Hindlll

Forward

N/A

GFP-ADT1-S3

AAGCTT ATGCGAATTTCGTTTCAGGGG

Hindlll

Forward

N/A

GFP-ADT1R3

GGATCCTGTCTGACTAGATCCATTGG

Bam HI

Reverse

N/A

GFP-ADT2-F4

AAGCTTATGGCAATGCACACTGTTCG

Hindi II

Forward

N/A

GFP-ADT2-S4

AAGCTT ATGCGTGTTGCGTATCAGGGAGTACG

Hindlll

Forward

N/A

GFP-ADT2R4

GGATCCAAGAGCATTGTAGTGTCCACTGG

BamHl

Reverse

N/A

GFP-ADT2R-I5

GGATCCTTA ACGCGGGAGCCATTAG

BamHl

Reverse

N/A

GFP-ADT2R-TP5

GGATCCTTCTTAGGAAGC AGAGGCG

BamHl

Reverse

N/A

GFP-ADT3-F3

GAATTC ATGAGAACTCTCTTACCTTC

EcoRl

Forward

N/A

GFP-ADT3-S3

GAATTCATGCGTGTAGCTTATCAAGGTG

EcoRl

Forward

N/A

GFP-ADT3R3

GGATCCATCAATGAAAATGTTGATGACG

BamHl

Reverse

N/A

Table 1 (continued). List of primer sequences.
Name8

Sequence (5’ to 3’)b

RE Recognition
Sequence

Direction

Annealing
Temperature (°C)

GFP-ADT4-F4

CTCGAGATGCAAGCCGCAACGTCG

Xhol

Forward

N/A

GFP-ADT4-S4

CTCGAGATGCGTGTAGCTTACCAAGGC

Xhol

Forward

N/A

GFP-ADT4R4

ggatccaatgcttcttctgtggatgtcatgg

BamHl

Reverse

N/A

GFP-ADT5-F6

CTCGAGATGCAAACCATTTCGCC

Xhol

Forward

N/A

GFP-ADT5-S6

CTCGAGATGCGTGTCGCGTATC

Xhol

Forward

N/A

GFP-ADT5R6

CCCGGGTTACGTCTTCGCTAG

Smal

Reverse

N/A

GFP-ADT6-F6

GAATTC ATGA AAGC TCTATCATC

EcoRl

Forward

N/A

GFP-ADT6-S6

GAATTCATGCGCGTCGCTTATC

EcoRl

Forward

N/A

GFP-ADT6R6

GGATCCATCGATGAAGTTGATG

BamHl

Reverse

N/A

aComp: amplify ADTs for pha2 complementation assays; GFP: amplify ADTs for localization assays; GAL1 and CYC1: pYES2/NT sequencing primers;
CFP-For/Rev: amplify cerulean cyan-fluorescent protein sequence; CFP-Seq: pCB sequencing primer; F: complementary to 5 ’-end o f full length ADT coding
sequence; I: complementary to 5 ’-end o f intermediate (I) region; S: complementary to 5 ’-end o f catalytic domain; R: reverse primer complementary to 3’-end o f

ADT coding sequence; R-I: reverse primer complementary to 3 ’-end o f I-region; R-TP: reverse primer complementary to 3 ’-end o f transit peptide not including
I-region. Primers previously designed by 'Oliver Corea (M.Sc. Thesis, 2006), 2Crystal Bross (Honors Thesis, 2009), 3Gobi Thillainadesan (Honors Thesis, 2006),
4Eric Cheung (Honors Thesis, 2007), V la d Latiu (Honors Thesis, 2009), 6Zach Armstrong (Honors Thesis, 2008).
italics: restriction enzyme (RE) docking sites, bold: RE recognition sequence, underline: nucleotides to maintain frame; dotted underline: pEZT-NL vector
sequence; double underline: introduced start or stop codon; unformatted: original, unmodified template sequence.
Primer annealing temperatures experimentally determined by previous students are not listed (N/A).

K>
-P*

Figure 4. A D T constructs.
Arabidopsis ADTs are cloned in different lengths. Full length is the entire ADT open
reading frame, including all sequences encoding the transit peptide, catalytic domain and
regulatory domain. Intermediate lengths contain the sequences encoding the I-region,
catalytic and regulatory domains. Short lengths contain the sequences encoding only the
catalytic and regulatory domains. Transit peptides alone were also cloned to either
include or lack I-region sequences. Domains are coloured according the scheme outlined
in figure 2.
TP1: transit peptide lacking I-region sequences; TP2: transit peptide including I-region
sequences; F: full length; I: intermediate length; S: short length.
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For cloning into the pYES2/NT vector, primers introduced 5’ Kpnl and TXhol
restriction enzyme cut sites and appropriate docking sites (Fermentas) for directional
cloning and bypassing the use of a subcloning vector, such as pGEM (Table 1). Primers
complementary to regions within the GAL1 promoter and CYCl reverse priming site of
pYES2/NT were designed to sequence PCR products directly ligated into the vector
(Table 1).
Primers had been previously designed to amplify ADTs for cloning into the pEZT-NL
vector (Table 1; Kohalmi, Armstrong, Cheung, Latiu and Thillainadesan, unpublished).
Therefore, primers were designed to amplify the cerulean CFP coding sequence (Table 1;
CFP template provided by Menassa Lab, Agriculture Canada). 5’Q?oI and 3'Xbal
restriction enzyme cut sites and appropriate docking sites (Fermentas) were introduced to
allow CFP replacement of the EGFP coding sequence in pEZT-NL vector. One primer
was designed complementary to the vector sequence 3’ to the CFP coding region in order
to sequence CFP PCR products directly ligated into pCB to ensure sequence integrity and
reading frame were maintained (Table 1).

2.3.2

PCR amplification of DNA

PCR conditions were established using Tfi polymerase (Invitrogen Cat. No.
30342024) prior to amplification of ADT sequences with Platinum Taq Polymerase High
Fidelity (Invitrogen Cat. No. 11304011). All PCR products were amplified using
previously cloned ADT sequences as a template (Kohalmi, unpublished). PCR reactions
were performed in a Touchgene Gradient Thermocycler (Techne). The thermocycler was
programmed as follows, where X°C is the annealing temperature (Table 1): denature for
2 minutes at 94°C followed by 10 cycles of 94°C for 15 seconds, X°C for 30 seconds,
72°C for 1 minute. The next 20 cycles were as follows: 94°C for 15 seconds, X°C for 30
seconds, 72°C for 1 minute + 5 seconds for each subsequent cycle. The final elongation
was 7 minutes at 72°C. All PCR reactions were performed according to the
manufacturer’s instructions, except for amplification of ADT5, which required 1.5 times
the suggested M gC f concentration and an initial denature time of 5 minutes at 94°C.
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2.3.3

Restriction enzyme digestion

Restriction enzyme digests were performed according to Fermentas guidelines for
double digestion (http://fermentas.com/en/tools/doubledigest). Digests were incubated at
37°C for 1-4 hours or overnight (16-24 hours) to ensure complete digestion. No star
activity was detected in overnight digestions.

2.3.4

Gel purification and quantification of DNA

All PCR and restriction enzyme digested DNA fragments were gel purified prior to
use. DNA fragments were size-separated on 1% (w/v) agarose gel in TBE buffer, then
excised from the gel and purified using PureLink Quick Gel Extraction Kit (Invitrogen
Cat. No. K210012). Samples were resuspended in 30-50 pL of provided elution buffer
and quantified. Samples were quantified by pipetting 2 pL of each sample and 2 pL of
known DNA standards (0.01-0.5 pg/pL) on a glass microscope slide lined with 1% (w/v)
agarose gel, stained with ethidium bromide and visualized with UV light. DNA was
quantified by visually comparing the amount of fluorescence from the known standards
to the unknown sample. If required, samples were concentrated using a SpeedVac and
resuspended in milliQ water.

2.3.5

Ligation, plasmid DNA isolation and DNA sequencing and analysis

DNA fragments were ligated into the appropriate vector using T4 DNA ligase
(Fermentas Cat. No. EL0014). Ligation reactions were set up with a 3:1 insert to vector
ratio and were incubated at 4°C overnight prior to transformation.
Plasmid DNA was isolated from overnight E. coli cultures using an alkaline lysis
method (modified from Ish-Horowicz and Burke, 1981) when used for the cloning
procedure or a QIAprep Spin Miniprep Kit (Qiagen Cat. No. 27104) when DNA was
used for sequencing.
All constructs were checked for correct reading frame and nucleotide sequence before
proceeding with complementation or subcellular localization analyses. DNA was
sequenced by the Robarts Research Institute’s Sequencing Facility (University of
Western Ontario). All sequences were analyzed using DNAMAN (Lynnon Biosoft,
Version 6).
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2.4

Transformations

2.4.1

Bacteria transformation

E. coli were purchased as electrocompetent cells, while A. tumefaciens were prepared
to be electrocompetent (Wise et al., 2006). Plasmid DNA was transformed into E. coli
and A. tumefaciens using the Gene Pulser II System (Bio-Rad) set to 2.0 kV, 25 pF
capacitance and 200 Cl or 400 Q resistance, respectively. Immediately following
electroporation, E. coli were incubated in LB for an hour at 37°C with shaking, while
A. tumefaciens recovered in YEB for an hour at 28°C with shaking. Cells were then
plated on selective media containing the appropriate antibiotics and incubated at 37°C
overnight for E. coli or incubated 28°C for 2-3 days for A. tumefaciens. Positive
transformants were identified as colonies that grew on selective media. Plasmid DNA
from positive E. coli transformants were confirmed by restriction enzyme digestion and
sequencing of isolated plasmid DNA. Bacterial stocks were frozen in 25% glycerol using
liquid nitrogen and stored at -80°C.

2.4.2

Yeast transformation

S. cerevisiae were transformed using the lithium acetate/single-stranded carrier
DNA/polyethylene glycol method (Gietz and Woods, 2002). Positive transformants were
identified as colonies that grew on selective SD media. Yeast stocks were frozen in 25%
glycerol and stored at -80°C.

2.4.3

Plant transformation

N. benthamiana were transiently transformed by pressure-infiltrating cultures of
A. tumefaciens into the abaxial air spaces of intact leaves just under the epidermal surface
(Conley et al., 2009a). A. tumefaciens precultures were grown in liquid YEB
supplemented with the appropriate antibiotics for 2 days. Cells were transferred to
Agrobacterium induction media until the A. tumefaciens cultures reached an OD600 of
0.5-0.8. A. tumefaciens cultures were resuspended in Gamborg’s solution to a final OD600
of 1.2 and incubated at 28°C for 1 hour prior to infiltration. For co-infiltrations, equal
volumes of A. tumefaciens cultures containing different vectors were combined to
maintain a final OD600 of 1.2. Leaves of three- to five-week-old N. benthamiana were
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pressure-infiltrated using an 1 mL needle-less syringe. To aid in infiltration, leaves were
first punctured with a 27 G needle. Transient transformants were assayed via confocal
microscopy 1-8 days post infiltration (dpi).

2.5

Protein induction, isolation and detection

2.5.1

Protein induction, isolation and detection in S. cerevisiae

Yeast precultures were grown in appropriately supplemented liquid glucose media for
two days, harvested by centrifugation and transferred to fully supplemented galactose
media to induce expression of ADT fusion protein synthesis. Induced yeast cultures were
collected at densities of 3-10 x 106 cells/ml and cell lysates were prepared according to
manufacturer’s instructions (pYES2/NT manual, Invitrogen Cat. No. V8252-20) and total
soluble protein (TSP) was quantified using a BCA assay (Pierce Cat. No. 23227; Smith et
al., 1985).
Equal quantities (15 qg) of TSP from each transformant were size-separated on
SDS-PAGE then either stained with GelCode Blue (Thermo Scientific Cat. No. 24592) to
confirm equal loading or used for Western blotting to detect recombinant ADT proteins.
For Western blots, proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane (BioRad Cat. No. 162-0184) using a semi-dry transfer method (Towbin,
1979). Primary mouse anti-His antibodies (1:1000 dilution, GE Healthcare Cat. No.
27-4710-01) were used for the detection o f 6xHis-tagged ADTs and secondarily probed
with goat anti-mouse IgG (H + L)-horseradish peroxidase conjugated antibodies (1:3000
dilution,

Bio-Rad

Cat.

No.

170-6516)

for

visualization

using

an

enhanced

chemiluminescence (ECL) detection system (GE Healthcare Cat. No. RPN2109).
Western blots were imaged using X-ray film exposed for 10 seconds or 1 minute.

2.5.2

Protein isolation and detection in N. benthamiana

Three- to five-week-old N. benthamiana were transiently transformed with two
A. tumefaciens cultures: one harbouring a pCB-ADT vector and the other harbouring a
vector expressing PI 9, a suppressor of post-translational gene silencing (PTGS; Lindbo,
2007; Silhavy et al., 2002). Proteins were isolated 2, 4, 6 and 8 dpi (modified from
Conley et al., 2009a). A small leaf section of each transformant (approximately 0.05 g)
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was frozen in liquid nitrogen, manually ground to a fine powder and resuspended in 150
pL protein extraction buffer then further ground to ensure a homogeneous mixture. The
mixture was centrifuged at 16,000 x g for 30 minutes at 4°C then the supernatant was
collected and recentrifuged to ensure all plant material had been discarded. TSP was
quantified using a Bradford assay (Sigma Cat. No. B6919; Bradford, 1976).
Equal quantities (5 pg) of TSP from each transformant were size-separated on
SDS-PAGE then transferred to a PVDF membrane using a semi-dry transfer method for
Western blotting (Towbin, 1979). Primary anti-GFP antibodies (1:5000 dilution of A.v.
monoclonal antibody (JL-8), Clontech Cat. No. 632380) were used to detect CFP-tagged
ADTs and secondarily probed with goat anti-mouse IgG (H + L)-horseradish peroxidase
conjugated antibodies (1:3000 dilution, Bio-Rad Cat. No. 170-6516) for visualization
using an enhanced chemiluminescence (ECL) detection system (GE Healthcare Cat. No.
RPN2109). All Western blots were imaged using X-ray film exposed for 1 second.

2.6

Yeast complementation assay
For the complementation assay, pha2 cells were transformed with a pYES/NT-^DT

vector or the empty pYES2/NT. Cultures of pha2 transformants were grown in raffmose
media because it is a carbon source that neither promotes nor represses expression from
the GAL1 promoter to allow for fast and efficient switching from non-inducing to
inducing conditions (West et al., 1984). S. cerevisiae were grown in appropriately
supplemented raffmose media at 30°C for 2 days for cultures to reach stationary phase
(approximately 2.5 x 107 cells/mL). Aliquots of each culture were centrifuged at
16,000 x g for 2 minutes, media was removed and cells were resuspended in water to a
final concentration of 1000 cells/mL. The ability of Arabidopsis ADTs to recover the
pha2 phenotype was tested by growing transformants on solid media either containing or
lacking Phe. Four types of solid media were prepared. Two contained glucose, with and
without Phe, for repression of ADT expression and two contained galactose, with and
without Phe, for induction of ADT expression. All media lacked uracil to select for
pYES2/NT transformants. Yeast pha2 transformants were spotted (2 pL) on each plate
and growth was observed daily for 30 days.
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2.7

Subcellular localization and confocal microscopy
To determine the subcellular location of ADTs, four- to six-week-old N. benthamiana

plants were transformed with a pCB-ADT vector alone or with a plasmid encoding an
organelle marker via zlgrohacter/w/Ti-mediated plant transformation. All N. benthamiana
were also transformed with P19, a suppressor of PTGS, which has been shown to
increase recombinant gene expression (Lindbo, 2007; Silhavy et al., 2002). Sections of
N. benthamiana leaf tissue were imaged 1-8 dpi using a Leica SP2 confocal scanning
microscope equipped with a 63X water immersion objective (Agriculture Canada,
London, Ontario). Leaf tissue was imaged from bottom to observe localization pattern of
ADTs in lower epidermis and mesophyll cells (Fig. 5). CFP and chlorophyll were excited
with the blue diode laser (405 nm) and emission was collected from 440-485 and 630-690
nm, respectively. YFP was excited with the 514 nm argon laser and its emission was
collected from 540-550 nm. For co-localization experiments, CFP and YFP emissions
were collected sequentially to avoid emission bleed-through of the fluorophore pair
(Conley et al., 2009b; Shaner et al., 2005. Images were analyzed using Leica Confocal
Software (Leica, V2.61). CFP, chlorophyll and YFP fluorescence was false coloured
blue, red and yellow, respectively.

Figure 5. Overview of plant leaf tissue and cell cross-sections.
(A) Simplified leaf cross-section. Leaf tissue is imaged from bottom of leaf.
Consequently, confocal images will contain cells of the lower epidermis and/or spongy
mesophyll. Two of three cells types in the epidermis may be observed: pavement cells,
which are shaped like jigsaw puzzle pieces, or guard cells. Mesophyll and guard cells, not
pavement cells, contain chloroplasts. (B) Simplified plant cell cross-section. Plant cells
contain a large central vacuole that pushes the cytosol and organelles to the periphery of
the cell.
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RESULTS

3.1

Functional analysis of ADTs in vivo
The goal of this study was to identify Arabidopsis ADTs that have prephenate

dehydratase function in vivo and compare these results with in vitro biochemical analyses
(Cho et al. 2007). Prephenate dehydratase activity of ADTs was determined via their
ability to complement a PDT-knockout (pha2) stain of yeast. Multiple lengths of ADTs
were tested because the minimal catalytic unit of the protein has not yet been defined
in vivo. This chapter is published and permission from the publisher has been obtained
(Bross et al., 2011; Appendix B). My contribution to this work was cloning 4 of the 6
ADTs (full-, intermediate- and short-lengths) into the pYES2/NT vector and transforming
them into pha2 yeast. ADT1 and ADT3 cloning was completed by Oliver Corea (2006),
but results have been included to show a complete analysis. I performed all protein
extractions from yeast and Western blots. I did not perform the sequence analyses, which
is part of the publication, and, therefore, will not be included. Additional data not
included in the paper are shown here: pha2 complementation results for intermediatelength ADTs and complementation assays performed at two additional temperatures.

3.1.1

Cloning procedure

To test the prephenate dehydratase function of ADTs in vivo, all six ADTs were
cloned as full-, intermediate- and short-lengths into pYES2/NT then transformed into the
pha2 yeast strain (Fig. 6). Gene-specific primer pairs were used to amplify ADTs from
previously made constructs (Table 1). Primers introduced appropriate restriction enzyme
cut and docking sites to allow for directional cloning and bypassing the use of a
subcloning vector, such as pGEM-T (Table 1; Fig. 6A). PCR products and pYES2/NT
were individually double digested with the appropriate restriction enzymes then
incubated overnight with ligase and the ligations products were transformed into E. coli.
Positive E. coli transformants were selected on LB media containing ampicillin. Plasmid
DNA from positive transformants was isolated and restriction enzyme digested to
identify inserts of correct size (Fig. 6B). Inserts of correct size were sequenced to ensure
no errors occurred during PCR amplification and correct reading frame was maintained.

Figure 6. Cloning Arabidopsis ADTs into pYES2/NT yeast expression vector.
(A) All six ADTs were cloned as full-, intermediate-, and short-length versions. All ADTs
were cloned into the pYES2/NT multi-cloning site. Plasmid DNA from positive
transformants was sequenced using primers complementary to the GALl promoter and
CYC1 termination site. (B) Plasmid DNA from positive transformants was restriction
enzyme digested with Kpnl and Xho\ for ADT1 and ADT3-6 constructs or Kpnl and Xbal
for ADT2 constructs then size-separated on a 1.2% agarose gel and stained with ethidium
bromide. All ADTs ran according to their predicted size. ADT1-F: 1179 bp,
ADT1-I: 912 bp, ADT1-S: 861 bp, ADT2-F: 1146 bp, ADT2-T. 900 bp, ADT2-S: 849 bp,
ADT3-F: 1275 bp, ADT3-I: 963 bp, ADT3-S: 912 bp, ADT4-F: 1275 bp, ADT4-1: 951 bp,
ADT4-S: 900 bp, ADT5-F: 1278 bp, ADT5-T. 951 bp, ADT5-S: 900 bp, ADT6-F: 1242 bp,
ADT6-1: 945 bp, ADT6-S: 893 bp.
Domains are coloured according the scheme outlined in figure 2. F: full length;
I: intermediate length; S: short length; Pgau '- galactose-inducible GAL1 promoter; red
star: polyhistidine (6xHis) sequence; MCS: multiple cloning site; CYC1: CYC1
transcriptional termination signal; AmpR: ampicillin resistance gene allowing for selection
of transformants in E. coli; URA3: uracil auxotrophic marker for selection of yeast
transformants; 2p origin: allows for high copy replication of the plasmid in yeast; L: 1 kb
DNA ladder (Fermentas); U: undigested empty pYES2/NT vector; C: Empty pYES2/NT
vector double digested with Kpnl and Xhol.
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Plasmids with verified inserts were subsequently transformed into pha2 yeast and
positive transformants were identified using uracil autotrophy.

3.1.2

Protein induction and expression

To confirm that proteins are expressed under inducing conditions, proteins were
extracted from galactose-grown pha2 yeast cells harbouring a single ADT construct. As
negative controls, proteins were also extracted from three different cultures of pha2
grown under either non-inducing or inducing conditions. First, TSP was isolated from
glucose-grown cells harbouring pYES2/NTvl£)77-F to ensure protein expression is
repressed in the presence of glucose. Second, TSP was isolated from the untransformed
pha2 strain grown under inducing conditions in galactose media to ensure no native yeast
proteins are detectable by an anti-His antibody. Third, TSP was isolated from pha2
transformed with an empty pYES2/NT vector to determine if the 6xHis tag alone was
detectable.
Equal quantities of TSP (15 pg) were size-separated on SDS-PAGE and either stained
with GelCode Blue or used for Western blotting (Fig. 7). GelCode Blue stains confirmed
equal loading and showed no visible difference in the intensity and banding pattern
between protein samples. This indicates that the recombinant ADT proteins are not
accumulating at high enough levels for visualization above native host proteins. As there
were no differences observed between all GelCode Blue stains (data not shown), an
example gel for ADT-F transformants is shown in figure 6A. Recombinant proteins were
detected by Western blotting using an anti-His antibody (Fig. 7B). All ADTs were
expressed under inducing conditions (Fig. 7B). All full-, intermediate- and short-length
ADTs, except ADT3, were expressed according to their predicted sizes (Table 2).
Recombinant ADT3 proteins always ran approximately 5 kDa higher than expected. In
addition, the short-length ADT3 sample showed a strong double-banding pattern. The
bottom band corresponds to the predicted protein size (Fig 6B, bottom panel). For all
other ADTs, only one prominent band is detected in proteins extracted from pha2
expressing a recombinant ADT. For ADT-F constructs, there is also no evidence for
transit peptide cleavage in yeast because cleavage would result in the detection of a band
approximately 10 kDa smaller than the predicted size (Fig. 7B, top panel). As expected.

Figure 7. Expression of Arahidopsis ADTs in pha2 yeast.
(A) GelCode Blue stains confirm equal loading of proteins extracted from induced
ADT-F pha2 transformants, non-induced ADT1-F transformants, untransformed pha2
strain and pha2 transformed with an empty pYES2/NT vector. (B) Western blots for
induced pha2 transformed with an ADT-F (top panel), an ADT-I (middle panel) or an
ADT-S (bottom panel). Polyhistidine-tagged ADTs were detected using an anti-His
antibody and Westerns blots were exposed for 1 min (top panel) or 20 s (middle and
bottom panels). Predicted proteins size for recombinant ADTs are ADT1-F: 46.9 kDa,
ADT1-I: 36.8 kDa, ADT1-S:

35.0 kDa, ADT2-F:

45.4 kDa, ADT2-I:

36.5 kDa,

ADT2-S: 34.7 kDa, ADT3-F:

49.4 kDa, ADT3-I:

38.4 kDa, ADT3-S:

36.7 kDa,

ADT4-F: 49.3 kDa, ADT4-I:

38.1 kDa, ADT4-S:

36.4 kDa, ADT5-F:

49.3 kDa,

ADT5-1:37.8 kDa,

36.1 kDa, ADT6-F:

48.1 kDa, ADT6-I:

37.9 kDa,

ADT5-S:

ADT6-S: 36.1 kDa. (C) Western blots for pha2 negative controls. All negative control
samples were run on gels containing ADT transformant samples. A cropped image is
shown. Western blots were probed with an anti-His antibody and were exposed for 1 min.
No proteins were detected in any control sample.
M: protein marker (New England BioLabs); N: non-induced pha2 transformed with
ADT1-F; U: untransformed pha2 strain; E: pha2 transformed with an empty pYES2/NT
vector; F: full length; I: intermediate length; S: short length.
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Table 2. Transcript and protein size of native and recombinant ADTs.

Gene

ADT1

ADT2

ADT3

ADT4

ADT5

ADT6

Length3

Transcript
Size (nt)

Protein Size
(kDa)

6xHis-Tagged
CFP-Tagged
Protein (kDa)b Protein (kDa)c

FL

1179

43.5

46.9

71.5

I

912

33.4

36.8

61.3

S

861

31.6

35.0

59.6

TP

246

8.9

N/A

36.8

TPI

297

10.7

N/A

38.6

FL

1146

42.0

45.4

70.0

I

900

33.1

36.5

61.0

S

849

31.3

34.7

59.2

FL

1275

46.0

49.4

74.0

I

963

35.0

38.4

62.9

S

912

33.3

36.7

61.2

FL

1275

45.9

49.3

73.8

I

951

34.7

38.1

62.6

S

900

33.0

36.4

60.9

FL

1278

45.9

49.3

73.8

I

951

34.4

37.8

62.3

S

900

32.7

36.1

60.6

FL

1242

44.7

48.1

72.7

I

945

34.5

37.9

62.4

S

894

32.7

36.1

60.7

aFL: full length, I: intermediate length, S: short length, TP: transit peptide lacking the 1-region, TPI: transit
peptide including the 1-region.
^ -term in al polyhistidine (6xH is) tag adds approximately 3.4 kDa to protein size.
cC-terminal cerulean fluorescent protein tag adds 27.9 kDa to protein size.
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no recombinant proteins were detected for non-induced pha2, or induced untransformed
pha2 or pha2 transformed with an empty pYES2/NT vector (Fig. 1C).

3.1.3

Complementation assay of the pha2 knockout yeast strain

To determine Arabidopsis ADTs that have prephenate dehydratase activity in vivo,
pha2 transformed with pYES2/NT-/l DTs were spotted on galactose or glucose plates
containing or lacking Phe (Fig. 8). All media lacked uracil to select for pha2 harbouring a
pYES2/NT vector. Yeast growth was monitored daily for up to 30 days at three different
temperatures: 29°C, 22°C and 15°C (Fig. 9, Fig. 10 and Fig. 11, respectively). As
yeast-two hybrid results have been shown to be temperature dependent (Kohalmi et al.,
1996), these temperatures were chosen to represent yeast (29°C) and Arabidopsis (22°C)
growth conditions (ABRC, http://abrc.osu.edu/handling.htm; Wasungu and Simard,
1982). As well, a lower temperature (15°C) was also tested to reflect natural plant growth
conditions.
At every temperature, yeast growth was comparable among media types, except on
the galactose test plates lacking Phe (Fig. 9, Fig. 10 and Fig. 11). As the pYES2/NT
vector conferred uracil autotrophy, untransformed pha2 did not grow on any media as all
types lacked uracil. All yeast transformants grew on media containing Phe, while no
transformants grew on glucose media lacking Phe. In the presence of glucose, gene
expression is repressed from the GAL1 promoter (West et al., 1984). Therefore,
transformants will only grow on galactose media lacking Phe if the expressed ADT has
prephenate dehydrastase activity and can complement the pha2 phenotype. Glucose is the
preferred carbon source of yeast and optimal growth occurs at 30°C (Gancedo, 1998;
Wasungu and Simard, 1982). Therefore, yeast grow slower on galactose media and at
cool temperatures (15°C) compared to growth on glucose media and at warm
temperatures (29°C).
Only pha2 yeast transformants expressing an ADT able to accept prephenate as a
substrate in vivo will grow on galactose media lacking Phe. At 29°C, only pha2
transformed with ADT1 and ADT2 were able to grow (Fig. 9). Growth of all ADT2
transformants is observed by 6 days at 29°C, while growth of all ADTl transformants is

Figure 8. Overview of pha2 complementation assay.
ADTs were cloned into the pYES2/NT yeast expression vector. For size (bp) of ADT
constructs see Table 2. pYES2/NT-v4D7s were individually transformed into the
PDT-knockout yeast strain. Transformants were plated either on glucose media to repress
ADT expression, or galactose media to induce ADT expression from the GAL1 promoter.
Therefore, in the presence of glucose, no ADT protein is synthesized, but in the presence
of galactose and absence of glucose, ADT protein is synthesized. The resulting proteins
have an N-terminal 6xHis tag.
F: full length; I: intermediate length; S: short length; PGali (striped arrow): galactoseinducible GAL1 promoter; red star: polyhistidine (6xHis) sequence; MCS: multiple
cloning site; AmpR: ampicillin resistance gene allowing for selection of transformants in
E. coli; URA3: uracil auxotrophic marker allowing selection of yeast transformants;
2p origin: allows for high copy replication of the plasmid in yeast; pha2: PDT-knockout
S. cerevisiae strain.
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Figure 9. Complementation of the pha2 phenotype at 29°C.
Yeast cultures were spotted on glucose or galactose media containing or lacking
phenylalanine at a density of ~2 xlO3 cells per spot. All media lacked uracil to select for
the pYES2/NT vector. Yeast growth after 6 and 13 days is shown. ADTs able to
complement the pha2 phenotype indicate PDT activity in vivo.
F: full-length; I: intermediate length; S: short length; +Phe: media containing
phenylalanine; -Phe: media lacking phenylalanine; ADT1-ADT6: pha2 transformed with
a pYES2/NT-/iDr vector; pha2: untransformed strain; pYES2/NT: pha2 transformed
with an empty pYES2/NT vector.
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Figure 10. Complementation of the pha2 phenotype at 22°C.
Yeast cultures were spotted on glucose or galactose media containing or lacking
phenylalanine at a density of ~2 xlO3 cells per spot. All media lacked uracil to select for
the pYES2/NT vector. Yeast growth after 6 and 13 days is shown. ADTs able to
complement the pha2 phenotype indicate PDT activity in vivo.
F: full-length; I: intermediate length; S: short length; +Phe: media containing
phenylalanine; -Phe: media lacking phenylalanine; ADT1-ADT6: pha2 transformed with
a pYES2/NT-/lDF vector; pha2: untransformed strain; pYES2/NT: pha2 transformed
with an empty pYES2/NT vector.
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Figure 11. Complementation of the pha2 phenotype at 15°C.
Yeast cultures were spotted on glucose or galactose media containing or lacking
phenylalanine at a density of ~2 xlO3 cells per spot. All media lacked uracil to select for
the pYES2/NT vector. Yeast growth after 13 and 19 days is shown. ADTs able to
complement the pha2 phenotype indicate PDT activity in vivo.
F: full-length; I: intermediate length; S: short length; +Phe: media containing
phenylalanine; -Phe: media lacking phenylalanine; ADT1-ADT6: pha2 transformed with
a pYES2/NT-/lD7’ vector; pha2: untransformed strain; pYES2/NT: pha2 transformed
with an empty pYES2/NT vector.
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observed by 13 days at 29°C (Fig. 9). As equivalent cell densities were spotted, one can
infer that ADT2 uses prephenate more efficiently than ADT1 based upon rate of yeast
growth. When comparing growth of strains expressing ADTs of different lengths, ADT2-S
transformants grow before ADT2-I and ADT-F transformants, while ADT1-F
transformants grew before ADT1-I then ADT1-S transformants (Fig. 9). At 15°C, only
yeast growth for ADT2 transformants was observed on galactose media lacking Phe
(Fig. 11), which is probably due to the cooler incubation temperature. To observe
comparable intensities of yeast grow on glucose media containing Phe at 29°C, yeast
grown at 15°C must be incubated for approximately twice as long (6 days versus 13 days;
Fig. 9; Fig. 11). Furthermore, by day 19 ADT2 transformants grown at 15°C on galactose
media lacking Phe did not show comparable intensities to ADT2 transformants growth on
the same media by day 6 at 29°C (Fig. 9; Fig. 11). Therefore, it takes ADT2
transformants grown at 15°C more than three times longer to complement the pha2
phenotype than grown at 29°C. If it takes all ADT transformants grown at 15°C three
times longer than ADT transformants grown at 29°C to complement the pha2 phenotype
then one might expect that ADTl transformants would not begin grow until they had been
incubated for 40 days or more. As yeast growth was only observed for up to 30 days (data
not shown), the inability of ADT1 to complement the pha2 phenotype at 15°C is likely
due slower yeast growth at cool temperatures. As well, yeast grew slower at 22°C on
galactose media compared to yeast grown on the same media at 29°C (see day 6, Fig. 9
and Fig. 10). However, delayed growth at 22°C is not as pronounced as observed at 15°C
and by day 13 yeast growth on galactose media containing Phe at 22°C is comparable
29°C (see day 13, Fig. 9 and Fig. 10). As well, intensity of ADT2 transformants appeared
similar at 22°C and 29°C by day 13 (Fig. 9 and Fig. 10). But unlike yeast grown at 29°C,
ADT1 was not able to complement the pha2 phenotype at 22°C (Fig. 10). Interestingly,
ADT4-F is able to complement the pha2 phenotype when yeast are grown at 22°C
(Fig. 10). As ADT4-F transformants only grew on galactose media lacking Phe when
incubated at 22°C, complementation assays were repeated three times and all had the
same results.
As prephenate dehydratase function of Arabidopsis ADTs is tested by the ability of
pha2 transformed with pYES2/NT-^DT to grow on galactose media lacking Phe, no
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growth, or the inability to complement the phenotype, indicates a lack of PDT activity for
that ADT. Therefore, independent of temperature, ADT3, ADT5 and ADT6, and
intermediate- and short-length ADT4 cannot support pha2 yeast growth on galactose
media lacking Phe and, consequently, do not display PDT activity in vivo (Fig. 9, Fig. 10,
Fig. 11). ADT2 clearly displays PDT activity in vivo as demonstrated by its ability to
complement the pha2 phenotype at all three temperatures (Fig. 9, Fig. 10 and Fig. 11).
However, the PDT activity of ADT1 and ADT4-F appears to be temperature dependent.
All lengths of ADT1 clearly complement the pha2 phenotype at 29°C (Fig. 9), while
ADT1-F and ADT4-F display PDT activity at 22°C (Fig. 10).

3.2

Subcellular localization of ADTs
The goal of this study was to determine the subcellular localization of Arabidopsis

ADTs by transiently expressing each ADT as a fluorescent fusion protein in
N. benthamiana. Where possible, ADT localization patterns were compared to the pattern
of organelle markers expressed as fluorescent fusion proteins to determine if the
subcellular localization of the six Arabidopsis ADTs can be pinpointed to a particular
organelle.

3.2.1

Cloning procedure

To determine the subcellular location o f all six Arabidopsis ADTs and perform
co-localization analysis, each ADT had to be cloned so that it is expressed as a fluorescent
fusion protein. As organelle marker genes were cloned upstream to YFP coding sequence
(Mathur et al., 2002), Arabidopsis ADTs could not be expressed as GFP fusion proteins
because YFP and GFP have overlapping emission spectra (Shaner et al., 2005; Carnegie
Cell Imaging Project, http://deepgreen.stanford.edu). Consequently, all ADTs needed to
be expressed as CFP fusion proteins to minimize fluorophore crosstalk. As some ADTs
were previously cloned into the pEZT-NL vector, which allows for expression as GFP
fusion proteins, two strategies were used to create ADT-CFP constructs.
Primers were designed to amplify cerulean CFP and allow its replacement of the
GFP coding sequence in pEZT-NL (Table 1). The primers introduced 5'Cpol and VXbal
restriction enzyme recognition sequences and appropriate restriction enzyme docking
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sites (Fermentas) to allow for directional cloning and efficient digestion of PCR products,
respectively. Both PCR amplified CFP and empty pEZT-NL were double digested with
Cpol and Xbal and ligated then the ligation products were transformed into E. coll.
Positive transformants were selected on LB media containing gentamicin, plasmid DNA
from positive transformants was isolated and restriction enzyme digested to confirm
successful ligation. Plasmids with an insert of correct size were sequenced to ensure no
errors occurred during PCR amplification and that the reading frame was maintained. The
resulting plasmid was designated pCB.
Primers to amplify full- and short-length ADT coding sequences and transit peptide
coding sequences were previously designed (Table 1; Kohalmi, Armstrong, Cheung,
Latiu and Thillainadesan, unpublished). Full- and short-length ADT1, ADT2, ADT3 and
ADT4, and ADT2 transit peptide coding sequences had been cloned into the pEZT-NL
vector, while full- and short-length ADT4 and ADT6 had only been subcloned into
pGEM. Therefore, two routes to generate pCB-ADT constructs were used. Either the
GFP coding sequence in existing pEZT-NL-ADT plasmids was removed via restriction
enzyme digestion and replaced with CFP via ligation, or ADT4 and ADT6 coding
sequences were removed from pGEM and ligated directly into pCB. All ligation products
were transformed into E. coli and positive transformants were selected on media
containing gentamicin. Plasmid DNA from positive transformants was isolated and
restriction enzyme digested to confirm successful ligation. As ADTs had been previously
cloned and sequenced, only plasmid DNA from CFP replacement of GFP reactions were
sequenced to ensure no errors occurred during PCR amplification and correct reading
frame was maintained. Plasmid DNA was subsequently transformed into A. tumefaciens
LBA4404.

3.2.2

Recombinant protein expression in N. benthamiana

To determine if Arabidopsis ADTs are cleaved in planta, proteins were extracted
from N. benthamiana transient transformants and immunodetected with an anti-GFP
antibody. For consistency, sections of leaf tissue were taken from the same transient
transformants used for confocal microscopy at 2, 4, 6 and 8 dpi. TSP was isolated,
quantified using a Bradford assay and equal quantities of TSP (5 pg) were size-separated
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on SDS-PAGE (Fig. 12 and Fig. 13). Proteins were probed with an anti-GFP antibody to
detect recombinant ADT-CFP proteins. This antibody was raised against full-length
Aequorea victoria GFP and has been shown to recognize GFP derivatives, such as CFP
and YFP (A.v. Monoclonal Antibody (JL-8), Clontech Cat. No. 632380). As expected, no
recombinant proteins were detected in TSP from N. benthamiana transformed only with
A. tumefaciens harbouring a plasmid encoding PI 9 (Fig. 12A). As well, no recombinant
proteins were detected in TSP from N. benthamiana transformed with A. tumefaciens
harbouring an empty pCB vector (Fig. 12A). For A. benthamiana expressing ADTs, most
Western blots detected a small approximately 25-kDa band (Fig. 12B-C; Fig. 13) and
multiple bands between 35 and 60 kDa. As the 25-kDa band is similar in size to CFP
alone, it probably represents a non-specific cleavage product from the ADT-CFP fusion
proteins. The bands between 30 and 60 kDa likely represent specific protease degradation
products as a similar banding pattern is observed in most ADT samples (Fig. 12C;
Fig. 13).
Two bands were detected in N. benthamiana expressing ADT2-TPs (Fig. 12B). For
ADT2-TP1 samples, all lanes contain two bands approximately 30 kDa and 25 kDa
(Fig. 12B). These bands likely represent ADT2-TP1 fusion proteins (36.8 kDa) and CFP
alone (27.9 kDa). For ADT2-TP2 samples, all lanes contained two bands, but the bands at
2 dpi differ in size than those seen at 4, 6 and 8 dpi (Fig. 12B). At 2 dpi, both bands are
approximately 2 kDa larger than the bands seen in 4, 6 and 8 dpi. As the size difference
between TP1 and TP2 constructs is 1.8 kDa (Table 2), these data indicate that the transit
peptide is cleaved before the I-region, which adds approximately 2 kDa to the size of
CFP alone. However, over time, the free CFP accumulates as the result of non-specific
cleavage from the fusion protein as the size of the smaller band is approximately 2 kDa
smaller at 4, 6 and 8 dpi than detected at 2 dpi.
The bands o f interest in proteins extracted from N benthamiana expressing ADT2-F
are the two largest bands with approximate molecular masses of 65 kDa and 60 kDa
(Fig. 12C). These bands correlate well to the predicted size of full-length ADT2
(70.0 kDa) and a cleavage product lacking the N-terminal transit peptide (59.2 kDa)
indicating ADT2-F is cleaved in planta. Similar results are seen for ADT1-F (Fig. 13A).
Again, the larger approximately 65 kDa band likely correlates to full-length ADT1 as it is

Figure 12. Expression of ADT2 constructs in N. benthamiana.
Total soluble protein was isolated 2, 4, 6 and 8 dpi and quantified using a Bradford assay
and 5 pg was loaded per lane. Controls and ADT2-F and ADT2-S proteins were size
separated on 8% SDS-PAGE, while ADT2-TPs were size-separated on 12% SDS-PAGE.
Westerns were exposed for 1 s. (A) Western blots for controls: N. benthamiana
expressing P19 alone and for N. benthamiana untagged CFP from an empty pCB vector.
Proteins extracted from negative controls were size-separated on gels containing proteins
extracted from ADT transformants and a cropped image is shown. (B) Western blots for
N. benthamiana expressing ADT2 transit peptides. (C) Western blots for N. benthamiana
expressing ADT2-F and ADT2-S.
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Figure 13. Expression of ADT-F and ADT-S constructs in N. benthamiana.
Total soluble protein was isolated 2, 4, 6 and 8 dpi and quantified using a Bradford assay
and 5 pg was loaded per lane. Proteins were size separated on 8% SDS-PAGE and
Western blots were exposed for 1 s. Western blots for ADT2-F and ADT2-S (Fig. 13C)
are shown again here to allow for comparison between all six ADTs. (A) Western blots
for N. benthamiana expressing ADT1. (B) Western blots for N. benthamiana expressing
ADT2. (C) Western blots for N. benthamiana expressing ADT3. (D) Western blots for
N. benthamiana expressing ADT4. (E) Western blots for N. benthamiana expressing
ADT5. (F) Western blots for N. benthamiana expressing ADT6.
F: fUll length; S: short length. Predicted protein sizes for CFP-tagged ADTs are as
follows: ADT1-F: 71.5 kDa, ADT1-S: 59.6 kDa, ADT2-F: 70.0 kDa, ADT2-S: 59.2 kDa,
ADT3-F: 74.0 kDa, ADT3-S: 61.2 kDa, ADT4-F: 73.8 kDa, ADT4-S: 60.9 kDa,
ADT5-F: 73.8 kDa, ADT5-S: 60.6 kDa, ADT6-F: 72.7 kDa, ADT6-S: 60.7 kDa.
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close to the predicted size of ADT1-F fusion proteins (71.5 kDa). The smaller
approximately 60 kDa band is probably a cleavage product lacking the transit peptide as
it is the same size as the largest band in ADT1-S samples (Fig. 13A). As well, the
intensity of the larger band decreases with time and is almost completely absent by 8 dpi
(Fig. 13A). This could indicate that ADT1-F expression is decreasing over time.
However, ADT1-F is still easily visualized at 8 dpi (data not shown) and the intensity of
the other bands do not decrease over time. Therefore, the decrease in band intensity likely
represents the processing of full-length protein over time and by 8 dpi all ADT1-F is in
its mature form, lacking transit peptide sequences. Both full-length and transit peptide
cleavage products are also observed for ADT3-F (Fig. 13C), but only processed and
cleaved products are observed for ADT4-F, ADT5-F and ADT6-F (Fig. 13D-E).
Therefore, the Western blots show that all Arabidopsis ADTs are cleaved in planta.
The presence or absence of recombinant protein on Western blots also correlates well
with confocal microscopy results. For example, ADT1-S was only observed and detected
8 dpi (Fig. 13A). The absence of recombinant protein expression also explains why
ADT1-S fluorescence was not observed 2, 4 and 6 dpi (Fig. 13A). Also, ADT2-S was the
only ADT construct that was never observed via fluorescence (Fig. 17B), which is
consistent with the complete absence of protein 2, 4, 6 and 8 dpi (Fig. 13B).

3.2.3

Determination of ADT subcellular localization in planta

To determine the subcellular location of all Arabidopsis ADTs in vivo, three- to
five-week-old N. benthamiana plants were transiently transformed with A. tumefaciens
harbouring a pCB-ADT plasmid alone or together with a second plasmid harbouring an
organelle marker. All transformations were performed with an additional A. tumefaciens
strain encoding PI 9 to enhance recombinant protein expression (Lindbo, 2007). All
A. tumefaciens cultures of equal cell density were mixed to maintain a final OD600 of 1.2
prior to infiltration.
Before visualizing ADTs, fluorescence of leaf tissue from N. benthamiana
transformed only with A. tumefaciens harbouring a plasmid encoding P19 or
A. tumefaciens harbouring an empty pCB vector was analyzed (Fig. 14). Both chlorophyll
autofluorescence, false-coloured red, and CFP fluorescence, false-coloured blue, were

Figure 14. Fluorescence images for transformation controls.
CFP and chlorophyll in mesophyll cells were simultaneously excited with the blue diode
laser (405 nm) and collected from 630-690 nm and 440-485 nm, respectively.
Fluorophore channels were overlaid using Leica Confocal Software (Leica, V2.61).
N. benthamiana expressing (A) PI 9 only or (B) both PI 9 and free CFP (from empty pCB
vector) at 4 dpi.

Overlay

62
simultaneously excited by the blue violet (405 nm) laser and their signals collected from
630-690 nm and 440-485 nm, respectively. Only chlorophyll autofluorescence was
detected in either sample (Fig. 14). These data correlate well with immunodetection data
(Fig. 12A) indicating that free CFP protein is not expressed from pCB.
Leaf sections from N. benthamiana transformants were visualized using a confocal
microscope 2, 4, 6 and 8 dpi. N. benthamiana were independently infiltrated with ADT-F
or ADT-S fused to CFP to investigate the effect of the transit peptide on subcellular
localization. For ADT2, two additional constructs, TP1 and TP2, were used to determine
if the transit peptide, with or without the I-region, is sufficient or necessary for protein
targeting.
The typical localization patterns for full-length ADT-CFPs are shown in figure 14
(see Appendix C for individual fluorophore channels). ADT1-F, ADT2-F, ADT3-F,
ADT4-F and ADT5-F appear to be targeted to chloroplasts (Fig. 15A-E). Furthermore,
the chloroplast localization patterns of ADT1-F, ADT2-TPs, ADT3-F, ADT4-F and
ADT5-F is consistent with stromule localization, including the appearance of protrusions
from the chloroplast not observed by chlorophyll autofluorescence (Fig. 16). In addition
to a chloroplast or stromule-like localization pattern, ADT5-F is also observed in the
nucleus (Fig. 15E). ADT6-F appears to be localized to the cytosol, which is characterized
by a thin layer of fluorescence at the periphery of the cell due to N. benthamiana being
highly vacuolated (Serna, 2005). This pattern is also indicative of plasma membrane
localization, but ADT6-F also appears to outline chloroplasts and other organelles
indicating that it is located in the cytosol and not the plasma membrane (Fig. 15F).
The typical localization patterns for short-length ADT-CFPs are shown in figure 16.
ADT1-S is usually not observed (Fig. 17A) except at 8 dpi (data not shown), while
ADT2-S was never observed (Fig. 17B). ADT3-S, ADT4-S, ADT5-S and ADT6-S all
display a cytosolic localization pattern characterized by outlining the cell periphery (Fig.
17C-F). The fluorescence o f ADT3-S and ADT6-S is difficult to visualize (Fig. 17C, F)
and ADT4-S and ADT5-S also display a nuclear localization pattern (Fig. 17D, E). As
ADT-F and ADT-S localization patterns differ, it can be concluded that the N-terminal
sequences are necessary for protein targeting to the chloroplast.

Figure 15. Typical localization patterns of ADT-F constructs.
Chlorophyll and CFP were excited simultaneously with the blue diode laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images were generated by
overlaying CFP and chlorophyll fluorescence channels using Leica Confocal Software
(Leica, V2.61). For individual fluorophore images see Appendix C (page 114). ADTs
(CFP) are false coloured blue and chloroplasts (chlorophyll autofluorescence) are false
coloured red. Images shown represent different days post-infiltration (dpi) to best
represent the typical pattern o f each ADT-F. Arrows identify examples of stromule
localization patterns. (A) ADT1-F appears to surround the outside of chloroplasts and is
often observed as bright spots (4 dpi). (B) ADT2-F is localized to one side of chloroplasts
as a fusiform-like structure (4 dpi). (C) ADT3-F appears to surround the outside of
chloroplasts (5 dpi). (D) ADT4-F appears as one or few spot on the outside of
chloroplasts (4 dpi). (E) ADT5-F appears to surround the outside of chloroplasts and
localizes to the nucleus (4 dpi). (F) ADT6-F displays cytosolic localization pattern
(4 dpi).
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Figure 16. ADTs exhibiting a strömule-like localization pattern.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 115). Images shown represent
different days post-infiltration (dpi) to best represent the stromule-like localization
pattem of ADTs. Arrows identify examples of stromule-like localization for (A) ADT1-F
(6 dpi), (B) ADT3-F (6 dpi), (C) ADT4-F (6 dpi), (D) ADT5-F (6 dpi), (E) ADT2-TP1
(8 dpi) and (F) ADT2-TP2 (8 dpi).
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Figure 17. Typical localization patterns of ADT-S constructs.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 116). Images shown represent
different days post-infiltration (dpi) to best represent the typical pattern o f each ADT-S.
(A) ADT1-S is not observed 2-6 dpi (5 dpi). (B) ADT2-S was never observed (6 dpi).
(C) ADT3-S displays a faint cytosolic localization pattern (4 dpi). (D) ADT4-S displays a
cytosolic and nuclear localization pattern (4 dpi). (E) ADT5-S displays a cytosolic and
nuclear localization pattern (6 dpi). (F) ADT6-S displays a faint cytosolic localization
pattern (8 dpi).
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Interestingly, the localization pattern of most ADT-Fs appears to change over time.
Figures demonstrating the changes in localization pattern over time are shown, but it is
unclear whether these changes are a consequence of the transient nature of the
transformation or reflect differences in natively expressed ADTs. For example, ADT1-F
begins as small, bright spots at 2 dpi, which grow in size over time (Fig. 18). A cytosolic
localization pattern is also observed for ADT1-F at 4 and 6 dpi (Fig. 18B-E). However,
CFP is cleaved from the fusion protein (Fig. 13A) and may be the cause of the weak
cytosolic pattern observed for ADT1-F. It can be noted that no cytosolic patterns nor CFP
cleavage were observed 2 dpi (Fig. 13A; Fig. 18A). The predominant localization pattern
of ADT1-F is stromule-like, but the appearance changes from surrounding the entire
chloroplast to being localized as a few spots outside the chloroplast (Fig. 18).
Similar localization patterns were observed for ADT4-F over time (Fig. 19). Like
ADT1-F, a weak cytosolic pattern is observed at 2 and 4 dpi (Fig. 19B, D), but is also
likely caused by CFP cleavage from the fusion protein (Fig. 13D). ADT4-F
predominantly displays a stromule-like pattern, but ADT4-F begins as one or few spots
outside the chloroplast that expand to almost surround the chloroplast. ADT4-F was not
observed at 8 dpi (data not shown) due to the transient nature of expression.
The expression pattern of ADT3-F is more variable than observed for the other ADTs
(Fig. 20). A stromule-like localization pattern was observed for ADT3-F (Fig. 20A). It
also appears that ADT3-F is cytosolic. However, the cell periphery is observed as a
dotted outline (Fig. 20B). This contrasts typical cytosolic localization pattern, which
uniformly outlines the cell periphery as seen for ADT-S (for comparison, see Fig. 17D).
As this pattern is only observed in epidermal cells, which lack chloroplasts, ADT3-F may
be mistargeted to mitochondria to generate a dot-like pattern appearing to outline the cell
periphery. Also, ADT3-F appears to form small protein aggregates near chloroplasts
(Fig. 20C, D).
The expression pattern of ADT5-F is unique in that both stromule-like and nuclear
localization is observed (Fig. 21). Initially, ADT5-F is observed as bright dots within the
nucleus at 2 dpi then fluorescence increases until the entire nucleus is uniformly bright
(Fig. 21A-E). ADT5-F stromule-like pattern changes from appearing to surround the
outside of chloroplasts 4 to 6 dpi (Fig. 21D-E) to long chloroplast projections at

Figure 18. Localization pattern of ADT1-F over time.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 117). Solid arrows identify
examples of stromule-like localization and dashed arrows identify bright spots.
(A) ADT1-F is only observed as small, bright spots at 2 dpi. (B) and (C) ADT1-F begins
to surround the outside of chloroplasts and bright spots become larger at 4 dpi. (D) and
(E) ADT1-F begins to develop as dots on the outside of chloroplasts at 6 dpi. (F) The
dot-like appearance of ADT1-F outside chloroplasts is the predominant pattern at 8 dpi.
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Figure 19. Localization pattern of ADT4-F over time.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 118). Arrows identify examples of
stromule-like localization. (A) ADT4-F is occasionally observed as small dots on the
outside of chloroplasts at 2 dpi. In addition to the (B) dot-like pattern outside
chloroplasts, (C) a faint cytosolic localization pattern for ADT4-F is also observed at
4 dpi. (D) and (E) ADT4-F still displays a stromule-like and faint cytosolic pattern at 6
dpi. (F) ADT4-F begins to surround the outside of chloroplasts at 6 dpi.

Figure 20. Localization patterns observed for ADT3-F.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 119). (A) ADT3-F is typically
observed in a stromule-like pattern (arrow) appearing to surround the outside of
chloroplasts (6 dpi). (B) ADT3-F appears to outline the cell periphery in a dot-like
pattern (4 dpi). (C) and (D) ADT3-F appears to form small protein aggregates near
chloroplasts (4 and 5 dpi, respectively).
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Figure 21. Localization pattern of ADT5-F over time.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 120). Arrows identify examples of
stromule-like localization. (A) and (B) ADT5-F is only observed as small dots within
nuclei at 2 dpi. (C) and (D) The bright dots are still presence, but the entire nucleus is
also visible at 4 dpi. ADT5-F also begins to surround the outside of chloroplasts. (E) The
bright dots are no longer observed and the entire nucleus is fluorescent. ADT5-F typically
localizes to chloroplast near nuclei at 6 dpi. (F) The nuclear localization pattern is no
longer observed. ADT5-F is only observed as long projections from chloroplasts at 8 dpi.
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8 dpi (Fig. 2 IF). Interestingly, ADT5-F generally localizes to chloroplasts in close
proximity with the nucleus rather than chloroplasts scattered throughout the cell
(Fig. 2 IE).
ADT6-F is the only ADT-F that appears to remain in the cytosol (Fig. 22). The
cytosolic pattern of fluorescence along the cell periphery is first observed 2 dpi
(Fig. 22A). The cytosolic localization of ADT6-F is not likely to be caused by free CFP
as the onset of cytosolic pattern for other ADTs correlate to the accumulation of CFP
cleavage products (Fig. 13). For ADT6-F, CFP cleavage products do not accumulate but
appear fairly constant over time (Fig. 13F). As well, the intensity of the ADT6-F
cytosolic signal increases over time (Fig. 22B-D). By 8 dpi, large, bright spots are
observed, which seems as though ADT6-F is forming large protein aggregates within the
cytosol (Fig. 22D).
As the localization patterns of ADT-F and ADT-S differ, it appears that the transit
peptide is necessary for chloroplast localization. Therefore, additional ADT2 sequences
were analyzed (Fig. 23). A fluorescence signal for ADT2-S was never observed
(Fig. 17B). However, ADT2-F was consistently observed as a fusiform structure one side
of chloroplasts (Fig. 23A) or as a line appear to divide chloroplasts in half (Fig. 23B).
These patterns are similar to patterns observed for chloroplast division components
(Okazaki et al., 2009). The localization patterns of ADT2-TP1 or ADT2-TP2 do not
differ and both transit peptide sequences display a stromule-like, cytosolic and nuclear
localization pattern (Fig. 23C-F). The stromule-like patterns of ADT2-TPs indicate that
the transit peptide is required to target ADT2 to chloroplasts. However, the localization
pattern of ADT2-TPs are not identical to the pattern observed for ADT2-F. ADT2-TPs
appear to completely surround the outside of chloroplasts, while ADT2-F creates defined
structures on chloroplasts. Therefore, the transit peptides sequences are not sufficient to
confer the localization pattern observed for ADT2-F.

3.2.4

Co-localization of Arabidopsis ADTs with organelle markers

As peroxisomes (Zhang et al., 2010) and ADTs appearing as dots outside chloroplasts
(Fig. 17B) have a similar localization pattern, it was suggested that ADTs were targeted
for degradation in peroxisomes (Jaideep Mathur, University of Guelph). Therefore, all

Figure 22. Localization pattern of ADT6-F over time.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm. respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 121). The cytosol localization
pattern observed for ADT6-F does not change, but appears to increase in intensity over
time: (A) 2 dpi. (B) 4 dpi, (C) 6 dpi and (D) 8 dpi. By 8 dpi, ADT6-F appears to form
large protein aggregates within the cytoplasm.
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Figure 23. Localization pattern of ADT2.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. Images shown were generated
by overlaying fluorophore channels using Leica Confocal Software (Leica, V2.61). For
individual fluorophore images see Appendix C (page 122). (A) No fluorescence was
observed for ADT2-S (8 dpi). (B) ADT2-F appears as fusiform structures on one side of
chloroplasts, or as a line dividing chloroplast (6 dpi). (C) ADT2-TP1 displays a cytosolic
and nuclear pattern (5 dpi). (D) ADT2-TP1 appears to surround the outside of
chloroplasts (3 dpi). (E) ADT2-TP2 displays a cytosolic and nuclear pattern (3 dpi).
(F) ADT2-TP2 appears to surround the outside of chloroplasts (4 dpi).
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ADT-CFP fusion proteins were co-localized with PTS1-YFP, a yellow fluorescent
protein with an N-terminal peroxisome targeting signal. However, only ADTs with a
similar localization pattern to peroxisomes are shown in figure 24. Although
peroxisomes, false-coloured yellow, are located near chloroplasts and generate a similar
pattern to that seen by some ADTs, the CFP and YFP signals never overlay indicating
ADTs are not targeted to peroxisomes (Fig. 24). For fluorescent images of
N. benthamicma transformed only with the peroxisome marker see Appendix C.
Efforts were also made to co-localize ADTs with a mitochondria and a stromule
marker. Plasmids encoding mitochondria or plastid signal peptides in frame with
mCherry were provided by Maureen Hanson (Cornell University, Ithaca, New York).
However, visualization of these markers was difficult with the available resources and the
amount of background noise could not be reduced enough to discern mitochondria or
stromules (data not shown). Efforts to stain mitochondria in leaf sections with
MitoTracker Orange CMTMRos (Invitrogen, Cat. No. M7510) were not successful.

V

Figure 24. Co-localization of ADTs with a peroxisome marker.
Chlorophyll and CFP were excited simultaneously with the blue laser (405 nm) and
collected from 630-690 nm and 440-485 nm, respectively. YFP was subsequently excited
with the argon 514 nm laser and collected from 540-550 nm. Chlorophyll (chloroplast) is
false coloured red, ADTs are false coloured blue and peroxisomes are false coloured
yellow. Images shown were generated by overlaying fluorophore channels using Leica
Confocal Software (Leica, V2.61). For individual fluorophore images see Appendix C
(page 123). All images were taken 6 dpi, except for (C), which was taken 4 dpi. The
peroxisome marker co-localized with (A) ADT1-F, (B) ADT2-TP1, (C) ADT2-TP2,
(D) ADT2-F, (E) ADT3-F and (F) ADT4-F. The peroxisome marker and ADT-CFP
fluorescence do not overlay.
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4

DISCUSSION
This thesis provides insight into the functional and localization differences that exist

for the six Arabidopsis ADT isoforms. ADT1, ADT2 and ADT4-F are able to accept
prephenate as a substrate in vivo. However, the prephenate dehydratase function of these
enzymes is temperature-dependent. ADT1-F, ADT3-F, ADT4-F and ADT5-F display a
localization pattern consistent with the dynamic morphology of stromules. ADT2-F also
displays a chloroplast localization pattern appearing to localize through the middle of
chloroplasts. This pattern more closely resembles the localization pattern of chloroplast
division components rather than stromules. A nuclear localization pattern was also
observed for ADT5-F. ADT6-F is the only ADT that does not localize to the chloroplast,
but remains in the cytosol.
The impact of the N-terminal transit peptide on function and localization was also
tested. The transit peptide does not impede PDT activity in vivo, but is required to target
ADTs to chloroplasts. ADT sequences lacking a transit peptide remain in the cytosol.
Transit peptide sequences are necessary and sufficient to target proteins to chloroplasts.

4.1

Yeast complementation assay
S. cerevisiae has a single PDT coding sequence (PHA2) making it an ideal candidate

for complementation assays as a single knockout destroys any PDT function and results
in a strain unable to synthesize Phe. In fact, the pha2 knockout strain is unable to grow on
minimal media lacking Phe (Fig. 9). Therefore, Phe is a growth requirement for pha2 and
makes the complementation assays feasible. Yeast growth was tested at three different
temperatures. Two temperatures, 29°C and 22°C, are standard growth temperatures for
yeast

and

Arabidopsis,

respectively

(Wasungu

and

Simard,

1982;

ABRC,

http://abrc.osu.edu/handling.htm). A third temperature, 15°C, was also tested to represent
a cooler, outdoor temperature for plant growth.

4.2

ADT protein expression in yeast
Before complementation assays were performed, ADT expression from the GAL l

promoter was tested. As expected, ADT expression was repressed in the presence of
glucose and induced in the presence of galactose (Fig. 9-10; West et ah, 1984). All
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ADTs, except one, were expressed according to their predicted size (Fig. 7B). ADT3
consistently ran approximately 5 kDa higher than the predicted size (Fig. 7B), which may
be

indicative

of

post-translational

modifications,

such

as

glycosylation

or

phosphorylation. As well, a second, smaller band is present in ADT3-S protein extracts
(Fig. 7B). This band corresponds to the expected size of ADT3-S (36.7 kDa), which also
may indicate that some, but not all ADT3-S is post-translationally modified. There are
currently no experimental reports o f ADT post-translational modifications, but possible
glycosylation or phosphorylation sites can be predicted using servers, such as NetNGly or
NetPhos (Blom et a i, 2004). Using these prediction servers, a unique post-translational
modification profile was generated for each ADT and within ADTs there are 1-5 possible
glycosylation sites and 15-32 possible phosphorylation sites (Appendix D). Interestingly,
ADT3 was predicted to have the most glycosylation (5 possible sites) and
phosphorylation (32 possible sites) sites of all ADTs. Caution must be taken when
interpreting these data since they were generated using general eukaryotic or human
prediction servers and, in most cases, post-translational modification processes differ
between plants and animals (Gomord and Faye, 2004). Furthermore, it has been shown
that unmodified proteins can run higher on a SDS-PAGE than the predicted size
(Gudynaite-Savitch et a i, 2006). Therefore, the fact that ADT3 consistently does not run
according to the predicted size may be due to a native property of the protein and not the
result of post-translational modification.
Additional faint bands of larger size are also observed for other ADTs. These bands
may represent to dimerization products as they are approximately twice the predicted size
of a monomer (Fig. 7B). For example, His-tagged ADT1-F is predicted to be 46.9 kDa,
consequently, a dimer would be 93.8 kDa, which is roughly the size of the larger, weaker
band seen on the Western blot (Fig. 7B). This is consistent with the ability of ADTs and
PDTs to form dimers (Styranko, 2011; Tan et a i, 2008). The impact of dimerization on
function is currently unknown. As yeast are transformed with a single ADT,
complementation assays could, theoretically, be testing the function of ADT
homodimers, but not heterodimers.
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4.3

ADT function in vivo
The function of Arabidopsis ADTs in yeast is temperature dependent. Both ADT1

and ADT2 were able to complement the pha2 phenotype when yeast were grown at 29°C
demonstrating prephenate dehydratase activity in vivo (Fig. 9). ADTI transformants
required approximately 7 more days to support equal growth compared to ADT2
transformants (Fig. 9). As equivalent cell densities of yeast were spotted, this is
consistent with the different catalytic efficiencies of ADT1 and ADT2 for prephenate
previously reported (Cho et a l, 2007). In vitro, both ADT1 and ADT2 are able to accept
prephenate but the catalytic efficiency of ADT2 for prephenate is approximately 6.5-fold
greater than ADT1 (Cho et al., 2007). ADT2, but not ADT1, was able to complement the
pha2 phenotype at 15°C (Fig. 11). It took all yeast strains at least 2-3 times longer to
accumulate at comparable intensities when grown at 15°C versus 29°C (Fig. 11 compared
to Fig. 9). These data are consistent with Wasungu and Simard (1982) who monitored
yeast growth over 15-40°C. It was shown that the dry weight (g/L) of S. cerevisiae
obtained at 15°C was approximately 12-fold less than obtained at 30°C. Therefore, the
inability of ADT1 to complement the pha2 phenotype may be due to slower yeast growth
at cool temperatures rather than the inability to complement. As yeast required
approximately 2-3 times as long to grow at 15°C compared to 29°C, one might expect
that if A DTI is able to complement the pha2 phenotype then yeast growth would not be
observed until after the 30 day observation period.
An interesting temperature effect is seen for complementation assays performed at
22°C. At this temperature, ADT4-F, in addition to ADT1-F and ADT2, was able to
complement the pha2 phenotype suggesting for the first time that ADT4-F can accept
prephenate as a substrate (Fig. 10). Furthermore, ADT4-F was able to support yeast
growth faster than ADT1-F (Fig. 10). Complementation assays were independently
repeated three times and ADT4-F was able to support yeast growth each time only at this
temperature. Together these results demonstrate the importance of temperature when
testing the enzymatic function of proteins. To test enzyme function in vitro, recombinant
proteins synthesized in E. coli were incubated with substrates at 37°C (Cho et al., 2007),
while yeast are typically incubated at 30°C for optimal growth (Wasungu and Simard,
1982). Temperatures of 37°C and 30°C do not reflect ideal or typical growth
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temperatures of Arabidopsis

(21-25°C;

ABRC,

http://abrc.osu.edu/handling.htm).

Therefore, in vitro and in vivo assays performed at these temperatures may not mimic
in planta conditions. As temperature effects protein folding and conformation, the
formation of dimers has also been found to be temperature dependent (Kohalmi, personal
communication). As well, temperature-dependent isoforms of other enzymes in the
shikimate pathway have been described. For example, the Arabidopsis genome encodes
two shikimate kinases, SKI and SK2, with differential thermostability (Fucile et al.,
2011). SK2 is highly unstable and becomes inactive at 37°C. In contrast, SKI is
thermostable and remains active during prolonged exposure to 37°C. This characteristic
has been attributed to its ability to form homodimers in solution. The different
thermostabilities of these isoforms would allow the plant to control levels of shikimate
entering downstream pathways during times of environmental stress.
ADT3, ADT5 and ADT6 are unable to complement the pha2 phenotype at any of the
three temperatures tested (Fig. 9-10). These data are consistent with previous biochemical
analyses. In vitro ADT6-F showed limited PDT activity (Cho et al., 2007).
Complementation assays indicate that the PDT activity of ADT6 is insufficient to support
growth of the pha2 strain. However, Cho et al. (2007) showed that the overall catalytic
efficiency (kcat/Km) of ADT6 for prephenate was approximately 2.5- and 15-fold lower
than ADT1 and ADT2, respectively. The reduced catalytic efficiency of ADT6, as
compared to ADT1 and ADT2, may not be sufficient to support yeast growth and would
account for its inability to complement the pha2 strain. ADT3 and ADT5 were also
unable to complement the pha2 phenotype at any temperature indicating that they lack
PDT activity. These data are consistent with in vitro analyses demonstrating that ADT3
and ADT5 can only accept arogenate as a substrate (Cho et al., 2007). However, these
results seemingly contrast earlier results that suggest ADT3 has PDT activity (Warpeha et
al., 2006). Warpeha et al. (2006) showed that phenylpyruvate, as a measurement of Phe
synthesis, accumulates in the plastid-free, cytosolic fractions of wild-type seedlings in
response to blue-light. However, ADT activity was not tested. As this response was not
observed in an adt3 insertion mutant seedling, ADT3 was classified as a PDT. However,
the only ADT that reliably displays a cytosolic localization pattern in planta is ADT6-F
(Fig. 14F), while a chloroplast or stromule-like, localization pattern is observed for
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ADT3-F (Fig. 14C). If ADT3 is located within stromules then the phenylpyruvate
accumulation measured in plastid-free cytosolic fractions is not be from ADT3 activity,
but from ADT6 activity as ADT6-F, which showed minimal PDT activity in vitro (Cho et
al., 2007). However, it is also important to note that deleting one gene and its
corresponding protein can cause a shift in expression for the genes encoding the
remaining isoforms. This has been observed for phenylalanine ammonia-lyase (PAL)
isoforms in Arabidopsis (Rohde et al., 2004). Arabidopsis encodes four PAL genes and
knocking out pal2, for example, increases the expression of PALI and PAL4 above
wild-type levels as a compensatory response. Therefore, it cannot be discounted that
knocking out adt3 may have altered the expression levels of the prephenate accepting
ADTs.

4.4

Importance of phenylpyruvate route for phenylalanine biosynthesis
Although the arogenate route for Phe biosynthesis appears to be predominant

pathway in plants (Maeda et al., 2010; Cho et al., 2007; Jung et al., 1986), a prephenate
or phenylpyruvate route would be highly advantageous. Phenylpyruvate is only a
precursor to Phe, while arogenate can be converted to Phe or Tyr. Therefore, PDTs
commit the pathway to Phe biosynthesis rather than Tyr biosynthesis. However,
phenylpyruvate itself, not an aromatic amino acid, can be a direct precursor to secondary
metabolites (Mahlstedt et al., 2010). For example, the plant hormone IAA is typically
synthesized via Trp, but evidence is accumulating for a direct route to IAA via the
decarboxylation of phenylpyruvate (Spaepen et al., 2007; Knaggs, 2003; Normanly et al.,
1995). Also, 2-phenyethanol, a floral volatile compound, is formed via the degradation of
Phe to phenylpyruvate (Watanabe et al., 2002). Therefore, if plants are able to synthesize
phenylpyruvate directly, this might allow a direct route to synthesize secondary
metabolites, such as IAA and 2-phenyethanol, and Phe would not have to be degraded.
Hence for some of the ADTs to retain prephenate dehydratase activity could be
advantageous. I have shown that ADT1, ADT2 and ADT4 are able to accept prephenate
as a substrate in vivo, which opens up the possibility that Arabidopsis ADTs with PDT
activity could commit prephenate to Phe biosynthesis or can bypass aromatic amino
synthesis entirely to use phenylpyruvate as a precursor of secondary metabolites.
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4.5

Do N-terminal transit peptides impede ADT function?
All Arabidopsis ADTs have an N-terminal transit peptide and cleavage of such

peptides are typically required to release an enzymatically active form of a protein (Li
and Chiu, 2010; Richter et al., 2005). Therefore, three lengths of ADTs (F, I and S) were
tested to determine if transit peptide cleavage is necessary for enzymatic function.
Western blots indicate that ADTs are not cleaved in yeast (Fig. 7B). Therefore,
complementation of the pha2 phenotype by ADT1, ADT2 and ADT4-F was not due to
cleavage of the full-length version to release a shorter form and, consequently, the
presence of transit peptide sequences do not impede enzymatic function. These data are
also consistent with in vitro analyses that showed Arabidopsis ADT-Fs are functional
(Cho et al., 2007). However, the function of Arabidopsis ADT-Ss has not been tested in
vitro or compared to ADT-Fs. On the other hand, the function of short-length Petunia
ADTs was found to be enzymatically active in vitro, but full-length ADTs were not tested
(Maeda et al., 2010). Due to the high sequence similarity between Arabidopsis and
Petunia ADTs, it is likely that plant ADTs are active in both full- and short-lengths in
vitro. However, I have shown that ADT2-S is able to complement the pha2 phenotype
more efficiently than ADT2-F (Fig. 9-10). Therefore, the presence of transit peptide
sequences does not impede the function of ADTs in yeast or in vitro and cleavage is not
necessary to generate an enzymatically active protein. Also, ADT1-F is able to
complement the pha2 phenotype more efficiently than ADT1-I or ADT1-S, which further
demonstrates that the presence of a transit peptide does not abolish the catalytic function
of this ADT (Fig. 9).

4.6

Comparing plant transient transformation methods
ADTs were transiently expressed as CFP-fusions in N. benthamiana to determine

subcellular localization. N. benthamiana was used as the organism of choice for these
experiments because, compared to the host plant Arabidopsis, it is easy to transform via
the A. tumefaciens pressure infiltration method. Not only are Arabidopsis leaves small
and easily damaged during the infiltration process, but also N. benthamiana is extensively
used as the preferred organism to study subcellular localization and protein-protein
interactions (Goodin et al., 2008).

Other methods of A. tumefaciens-mediated
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transformation better suit Arabidopsis, such as the floral dip method. Although gentle on
plants, the floral dip method is time consuming and typically generates less than 1%
positive transformants (Clough and Bent, 1998), while the transformation of tobacco
epidermal cells via infiltration is very simple and results in a high transformation
frequency (Sparkes et al., 2006).

4.7

Expression of CFP alone
To ensure the observed pattern of CFP-tagged ADTs reflected ADT localization not

free CFP, N. benthamiana were transiently transformed with an empty pCB vector. Free
CFP could not be observed by confocal microscopy and was not detected by Western
blotting (Fig. 12A; Fig. 14B). However, if free CFP were present it would display a
cytosolic and nuclear localization pattern, which has been observed for free GFP (Maeda
et al., 2010; Rippert et a l, 2009; Grebenok et al., 1997; Carnegie Cell Imaging Project,
http://deepgreen.stanford.edu). As CFP is frequently cleaved from fusion proteins
(Fig. 12C; Fig. 13), caution must be taken when analyzing subcellular localization
patterns of ADTs. Consequently, the weak cytosolic fluorescence signals occasionally
observed for ADT1-F and ADT4-F might reflect fluorescence of free CFP and not the
innate localization pattern of these ADTs (Fig. 18B, D; Fig. 19C-D).

4.8

Subcellular localization of ADTs

4.8.1

Chloroplast localization

ADT2-F is observed as fusiform structures on one side of a chloroplast (Fig. 23 A) or
appears as a line appearing to divide a chloroplast in half (Fig. 23B). However, this slight
difference in the appearance of ADT2-F is likely due to the position of chloroplasts
within a visual cross-section. Similar structures are observed for chloroplast division
components, such as FTSZ, PLASTID DIVISION1 and 2 (PDV1 and PDV2),
DYN AMIN-RELATED

PROTEIN

5B (DRP5B) and ACCUMULATION AND

REPLICATION OF CHLOROPLASTS6 (ARC6) (Okazaki et al., 2009; Miyagishima
and Kabeya, 2010). Therefore, ADT2-F may be involved in chloroplast division.
Interestingly, ADT2-S is the only recombinant ADT that was never detected by confocal
microscopy or Western blotting (Fig. 12C; Fig. 17B). Either ADT2-S was not transcribed,

93
translated or the protein was degraded. Additional experiments are required to determine
why ADT2-S does not accumulate in transiently transformed N. benthamiana and if this
absence in protein reflects the potential importance of ADT2-F.

4.8.2

Stromule-like localization

ADT1-F, ADT3-F, ADT4-F, ADT5-F and ADT2-TPs all exhibit a stromule-like
localization pattern (Fig. 14). As stromules have a dynamic morphology and can be
observed as long projections from chloroplasts or as vesicle-like structures, differences in
stromule morphology have been proposed to reflect functional differences (Hanson and
Sattarzadeh, 2011; Gunning, 2005; Pyke and Howells, 2002). For example, long
chloroplast projections increase the chloroplast surface area and are likely to participate
in molecule and protein exchange between the cytoplasm, other plastids and organelles
(Schattat et al., 2011; Radhamony and Theg, 2006; Kwok and Hanson, 2004b; Kohler
and Hanson, 2000). On the other hand, vesicle-like bodies may facilitate content transfer
between plastids or shuttle chloroplast contents to the vacuole for degradation (Chiba et
al., 2003). Small stroma-filled vesicles containing GFP-tagged Rubisco have been shown
to be shuttled to the vacuole following stromal protein breakdown (Ishida et al., 2008).
As Phe is required in both chloroplasts and the cytosol, stromules may facilitate the
transfer of plastid contents, ADTs themselves or Phe metabolites to both the cytoplasm
and other organelles, such as mitochondria or nucleus (Fig. 2 IE).
ADT3-F forms small vesicle-like structures, and ADT1-F and ADT4-F form
budding-like structures on chloroplasts. To investigate if these structures may be
indicative of ADTs being targeted for degradation in peroxisomes, ADTs were
co-localized with a peroxisome marker (Fig. 24). Despite appearing in similar shaped and
sized structures, the corresponding YFP (yellow) and CFP (blue) fluorescence signals
never overlaid. Consequently, ADTs are not targeted to peroxisomes.
In this study, ADT localization was analyzed in the leaves of intact plants as opposed
to previous studies that used Arabidopsis protoplasts (Rippert et al., 2009). It has been
documented that protein mistargeting may arise when using cell culture (Faraco et al.,
2011). Rippert et al. (2009) analyzed the subcellular localization of all six Arabidopsis
ADTs by expressing ADT-GFP fusion proteins in protoplasts from cell suspensions. All
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six

fluorescently-labeled

ADTs

were

shown

to

co-localize

with

chlorophyll

autofluoresence revealing a stroma rather than stromule localization pattern (Rippert et
al., 2009). As cultured cells tend to lose tissue- and cell-specific features (Faraco et al.,
2011), ADT localization patterns in intact plants, compared to protoplasts, are much more
likely to reflect in host plant localizations patterns.
As a chloroplast or stromule-like localization pattern has been observed for ADT1,
ADT2, ADT3, ADT4 and ADT5, one would except to find these proteins present in the
stroma (Fig. 3). Rippert et al. (2009) confirmed that ADTs are expressed in the stroma of
untransformed Arabidopsis cell suspensions via immunodetection with a polyclonal
anti-ADT antibody. However, no ADTs were detected in the enriched cytosolic fraction,
which is surprising since I found that ADT6-F is located in the cytosol (Fig. 22). In
Arabidopsis plants, ADT expression levels depend on the tissue, but overall ADT6 is
expressed at relatively low levels in all tissues compared to the other ADTs (Rippert et
al., 2009; Kohalmi and Hood, unpublished). As ADTs were immunodetected in
untransformed cell suspensions, the inability to detect ADT6 in the enriched cytosolic
fraction may correspond to low levels of endogenous expression. However, cell
suspensions are dedifferentiated and, consequently, may not express genes in the same
manner as whole plants. Some cell suspensions even lack entire secondary metabolite
biosynthetic

pathways (Facchini,

2001).

Furthermore, only a single band of

approximately 43 kDa was detected in the chloroplast soluble protein extract (stroma)
fraction (Rippert et al., 2009). A protein of this size is likely to represent ADT1 or ADT2,
which have a predicted size of 43.5 and 42 kDa, respectively, rather than the other ADTs,
which are approximately 2-3 kDa larger (Table 2). This further supports the notion that
not all ADTs are expressed in cell suspensions and demonstrates the importance of
studying localization in intact plants.

4.8.3

Nuclear localization

ADT5-F displays both a stromule-like and nuclear localization pattern (Fig. 21). As
ADT5-F is typically localized to chloroplasts near the nucleus, it may form connections
between plastids and the nucleus (Fig. 21E). Therefore, ADT5-F may participate in
plastid-to-nucleus communication or transfer. Close proximity of plastids and stromules
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to the nucleus has been previously reported and was proposed to enhance signal
transduction (Inaba, 2011; Kwok and Hanson, 2004b). This close proximity may
facilitate import of mRNA from nuclear-encoded genes or plastid-to-nucleus retrograde
signaling. One possible scenario is that stromules may interact with the nucleus via the
nuclear pores to directly receive mRNA of nuclear-encoded genes. This would allow
proteins to be translated directly in chloroplasts to avoid protein translation in the cytosol
and chloroplast import. However, there are no known examples of nuclear-encoded
proteins being directly translated in the chloroplast. Therefore, a more likely scenario is
that stromules interact with the nucleus to facilitate plastid-to-nucleus retrograde
signaling where chloroplasts transfer proteins or metabolites to the nucleus (Inaba, 2011).
As the external environment affects the metabolic activities of plastids, they must be able
to regulate nuclear gene expression and protein flow to adapt to environmental changes.
Perhaps ADT5-F is transported to the nucleus via stromules to regulate nuclear gene
expression.

4.8.4

Cytosolic localization

ADT6-F is the only ADT that does not exhibit a chloroplast or stromule-like
localization pattern. Instead, a cytosolic localization pattern is observed for ADT6-F.
Until now, there has been no demonstration of a cytosolic ADT isoform, which is
surprising since Phe is required in the cytosol for general protein and secondary
metabolite synthesis. However, both plastidic and cytosolic forms have been identified
for other shikimate pathway enzymes. For example, Arabidopsis has three chorismate
mutase isoforms (CM-1, CM-2 and CM-3), which convert chorismate, the end-product of
the shikimate pathway, to prephenate (Mobley et al., 1999; Eberhard et al., 1996). CM-1
and CM-3 are targeted to chloroplasts, while CM-2 is cytosolic. Between the plastidic
and cytosolic forms of CM, differences were observed for functional regulation, and
tissue-specific and pathogen-induced expression. The enzymatic function of both CM-1
and CM-3 is regulated by all three aromatic amino acids with free Trp increasing the
activity of CM-1 and CM-3 in vitro, while free Phe and Tyr inhibit activity. In contrast,
CM-2 activity is not sensitive to any free aromatic amino acids. CM-1 and CM-3 are most
highly expressed in floral organs, while CM-2 is most abundant in root tissue. As well.

96
only CM-1 expression is highly induced in response to Pseudomonas syringae
infiltration. These data provide further evidence that cytosolic versus plastidic ADTs are
likely to have both functional and regulatory differences.

4.9

Role and cleavage status of N-terminal transit peptides in planta
All ADT-S constructs, except ADT2-S, displayed a cytosolic localization pattern

(Fig. 17). ADT2-S constructs could not be detected using confocal microscopy or
immunoblotting (Fig. 17B). Except for ADT6-F, which remained cytosolic, all ADT-F
constructs displayed a stromule-like localization pattern. This indicates that the transit
peptide is required to target proteins to the chloroplast. Furthermore, an approximately
60 kDa band was detected in all ADT-F Western blots (Fig. 13). The size of this band
corresponds to both the predicted size of ADTs lacking transit peptide sequences
(Table 2) and the size of transiently expressed artificial ADT-S constructs (Fig. 24).
These data are consistent with chloroplast targeting in planta where the transit peptide is
cleaved upon entering the stroma (Li and Chiu, 2010), but contrasts ADT expression in
yeast. ADTs expressed in yeast were not cleaved (Fig. 7B), but this is likely explained by
the absence of a SPP in yeast, which lack chloroplasts. Therefore, transient protein
expression in N. benthamiana is much more likely to represent native conditions in
Arabidopsis than observed in yeast transformants and further strengthens the chloroplast
localization of ADT1-ADT5.
To test if the transit peptide was sufficient to target proteins to the chloroplast, the
subcellular localization of ADT2-TPs was observed. Both ADT2-TP1 and ADT2-TP2
displayed a cytosolic, nuclear and stromule-like localization pattern (Fig. 23C-F). Again,
free fluorescence proteins are able to passively diffuse throughout the cell and into the
nucleus due to its small size (Maeda et al., 2010; Grebenok et al., 1997; Peters, 1983;
Carnegie Cell Imaging Project, http://deepgreen.stanford.edu). Consequently, the small
molecular weight ADT2-TPs (less than 40 kDa) would also allow these proteins to freely
diffuse throughout the cell generating an appearance of nuclear localization. Therefore,
ADT2-TP sequences are probably only targeted to chloroplasts in planta. As the
stromule-like pattern is similar for both ADT2-TPs, the necessary sequences for transit
peptide cleavage should be contained within ADT2-TP1 constructs and Western blots
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should reveal two bands: one representing ADT2-TP1 fused to CFP (36.8 kDa) and
another representing CFP alone (27.9 kDa). In fact, two bands of these approximate sizes
are detected (Fig. 12B). However, the approximately 25-kDa band could also represent
CFP breaking off the fusion protein, which was detected for all ADTs (Fig. 12C; Fig. 24).
Therefore, if ADT2-TP1 contains the necessary information for transit peptide cleavage
then Western blots for ADT2-TP2 should show a shift in the size of the free CFP. For
proteins extracted 2 dpi, the two ADT2-TP2 bands are slightly larger than both bands
seen in ADT2-TP1 samples due to the addition o f the I-region, which adds approximately
2 kDa) (Fig. 12B). Therefore, ADT2 transit peptides are cleaved before the I-region and a
shift in the size of free CFP is observed. Consequently, the I-region is not part of the
transit peptide domain for ADT2 and even though ADTs are clearly cleaved in planta, it
is impossible to determine the exact cleavage site based on the Western blots alone.
Overall, the transit peptide sequences are both necessary and sufficient to target
ADTs to the chloroplast. However, the transit peptide alone does not confer the exact
localization pattern of an ADT (Fig. 23). For ADT2-TPs, the proteins display a stromulelike pattern appearing to be located outside the chloroplast (Fig. 23D, F). This contrasts
the localization pattern of ADT2-F (Fig. 23A-B). Consequently, additional information
must be contained downstream of the transit peptide to target ADTs to precise locations
within a chloroplast versus the stroma.

4.10

Summary and future directions

I have shown that ADT1-F, ADT2-TPs, ADT3-F, ADT4-F and ADT5-F display a
stromule-like localization pattern in planta, and the localization pattern of ADT2-F
strongly resembles that of chloroplast division machinery. Also, ADT5-F displays a
nuclear localization pattern and ADT6-F is the only ADT not targeted to chloroplasts, but
remains cytosolic. Differences in the locations of the ADT isoforms may reflect distinct
functions. However, the exact role of each ADT in protein or secondary metabolite
synthesis is not yet apparent. I have suggested that ADT5-F may be targeted to the
nucleus to regulate gene expression. Therefore, chromatin immunoprécipitation could be
performed to see if ADT5-F is able to bind DNA. If ADT5-F is able to bind DNA then
the bound DNA can be sequenced to identify potential target sites for regulation.
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Additional experiments could then be designed to see how ADT5-F effects expression of
specific genes.
The stromule and nucleus localization of ADTs could be confirmed using
co-localization with organelle markers. Using confocal microscopy, chloroplasts are
commonly visualized by chlorophyll autofluorescence, but the chlorophyll-containing
thylakoids do not enter stromules. Therefore, the transit peptide of the Rubisco small
subunit fused to YFP provides an excellent way of visualizing stromules (Nelson et al.,
2007; Kwok and Hanson, 2004a). As Rubisco is targeted to the stroma, fluorescently
labeling its transit peptide will identify any stroma-filled protrusions and its fluorescence
will also overlay with chlorophyll autofluorescence. Therefore, CFP-tagged ADT1-ADT5
could be co-localized with YFP-tagged Rubisco small subunit transit peptide. If they are
within the stromules, ADT-CFP and Rubisco TP-YFP fluorescence signals will overlay.
Also, leaf sections could be stained with 4',6-diamidino-2-phenylindole (DAPI), which
binds A-T rich regions of DNA, to ensure that ADT5-F is located in the nucleus. To
ensure that weak cytosolic and nuclear fluorescence signals of ADT-Fs are due to free
CFP, immunohistochemistry could also be used to localize all six ADTs. However, this
would require a monoclonal antibody that specifically recognizes each ADT. Creating a
monoclonal ADT antibody that does not cross-tract with another ADT will be difficult
due to the high degree of sequence similarity between isoforms (Fig. 2). The most
sequence variability between ADTs is within the transit peptide domain (Fig. 2).
Generating an antibody that recognizes the transit peptide is futile as transit peptides are
cleaved in planta (Fig. 12B-C; Fig. 13). Therefore, antibodies should be raised against
short peptides within the catalytic or ACT regulatory domains that are unique to each
ADT.
The generation of stable ADT-CFP transformants will also be very beneficial. Stable
transformants will also allow ADT localization to be studied in different tissues,
throughout development and in response to stress and pathogens. However, many
regulatory elements are located in the promoter and the use of the constitutive CaMV 35S
promoter abolishes the endogenous control over gene expression. As the promoter of all
ADTs is not yet defined, promoter analysis could be performed to identify both the
minimal promoter sequences, as well as stress-responsive elements so that stable
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transformants can be made with ADTs expressed from the endogenous promoter. As well,
generating ADT overexpression lines may cause a mutant or lethal phenotype, which
would impede on the successful generation of transformants. As an alternative approach,
one could use an inducible promoter to express ADTs. This would ensure that
transformants can be generated without any potential negative effects of ADT
overexpression and can be used to observe the effect on development, for example, by
inducing expression at a specific time point.
I have also shown that the presence of transit peptide sequences does not impede PDT
function in yeast. As well, the transit peptide sequences are required to target ADTs to
the chloroplast, but alone do not confer the exact localization pattern observed for an
ADT-F. All ADTs appear to be cleaved in planta, but multiple bands present on Western
blots for plant protein extracts, as compared to yeast protein extracts, makes
interpretation difficult. Therefore, Western blots alone cannot be used to determine the
exact cleavage site. Sequencing of the cleaved proteins would be required to determine
the exact cleavage site of Arabidopsis ADTs.
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5

CONCLUSIONS
Phe biosynthesis is a multi-million dollar industry, but the enzymes involved in its

synthesis have only been extensively studied in bacteria. Plants have been developed into
efficient bioreactors for protein production, but unlike bacteria, plants tend to have
multiple isoforms for a given enzyme that differ in many ways, including function,
feedback regulation, expression patterns, to name a few. Therefore, multiple isoforms
allow plants to have increased levels of pathway regulation compared to bacteria. I have
shown that Arabidopsis ADT isoforms by differ in both substrate specificity and
subcellular localization. The results provided in this thesis are a first step for the
understanding of Phe biosynthesis in plants. As Phe is the precursor to secondary
metabolites with a variety of functions, understanding how plants synthesize Phe is
important to study in order to engineer hardier food crops that are resistant to pathogens
and are less susceptible to UV, temperature and nutrient stress.
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Appendix A. Predicted subcellular localization of Arabidopsis ADTs.
ADT

WoLF PSORT

Plant-mPLoc

TargetP

Transit Peptide
Length (a.a.)

1

Chloroplast, cytosol,
mitochondria, nucleus

Chloroplast,
nucleus

Mitochondria

N/A

2

Chloroplast

Chloroplast,
nucleus

Chloroplast

66

3

Chloroplast,
mitochondria

Nucleus

Chloroplast

24

4

Cytosol, mitochondria,
nucleus

Chloroplast

Chloroplast

34

5

Chloroplast,
mitochondria

Chloroplast

Chloroplast

38

6

Chloroplast,
mitochondria

Chloroplast,
nucleus

Chloroplast

44

Predicted subcellular localization o f Arabidopsis ^4DTs using different prediction servers: WoLF PSORT
(Horton et al., 2007), Plant-mPloc (Chou and Shen, 2010) and TargetP (Emanuelsson et al., 2000). TargetP
also predicts the length o f the chloroplast transit peptide (Nielson et al., 1997).
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Possible glycosylation sites
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Possible phosphorylation sites
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